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Compression of
Thick Laminated Composite Beams
With Initial Impact-Like Damage

ABSTRACT

While the study of compression after impact of laminated composites has been under
consideration for many years, the complexity of the damage initiated by low velocity impact has
not lent itself to simple predictive models for compression strength. The damage modes due to
non-penetrating, low velocity impact by large diameter objects can be simulated using quasi-
static three-point bending. The resulting damage modes are less coupled and more easily

characterized than actual impact damage modes.

This study includes the compression testing of specimens with well documented initial damage
states obtained from three-point bend testing. Compression strengths and failure modes were
obtained for quasi-isotropic stacking sequences from 0.24 to1.1 inches thick with both grouped
and interspersed ply stacking. Initial damage prior to compression testing was divided into four
classifications based on the type, extent, and location of the damage. These classifications are
multiple through-thickness delaminations, isolated delaminations, damage near the surface,
and matrix cracks. Specimens from each classification were compared to specimens tested
without initial damage in order to determine the effects of the initial damage on the final
compression strength and failure modes. A finite element analysis was used to aid in the

understanding and explanation of the experimental results.

It was found that specimens with multiple through-thickness delaminations experienced the
greatest reduction in compression strength, from 50 to 75% below the strength of undamaged
specimens. All the sublaminates formed by the delaminations failed at the same time. Individual

sublaminate buckling was observed for isolated delaminations near the surface of the laminate.
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Delaminations far from the specimen surface had little effect on the final compression strength.
Damage occurring in the outside 0° plies caused a 10 to 20% strength reduction according to
both analytical and experimental results. The effects of increased interlaminar stresses near the

specimen edges caused a reduction in undamaged strength of [05/455/-455/905]5 ¢

specimens, while having little effect on the [05/605/-605)75 specimens.
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Chapter 1
Introduction

Composite laminates subjected to low velocity impact often develop damage which cannot be
detected with visual inspection of the impact surface. Damage modes from non-penetrating low
velocity impact by large diameter objects include combinations of fiber breaks, matrix cracks, and
delaminations throughout the thickness of the material. The types of damage which occur in
low velocity impact can be simulated using quasi-static loading, which results in damage modes
which are less coupled and more easily characterized than low velocity impact damage. Of
particular interest for laminated composite structures subjected to low velocity impact is the
subsequent reduction in their compressive strength. By studying compression of specimens
with well documented damage modes such as those induced by quasi-static loading, insight

can be gained into the more complex problem of compression after impact.

This study is an extension of the work by Starbuck et al. [1] on the damage characterization of
three-point bend beam specimens under quasi-static loading. The goal of that project was to
develop a better understanding of damage states and damage susceptibility based on a

combined experimental/analytical program. The objective also included the investigation of
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damage tolerance, defined for that study to be the ability of the structure to camy the same type
of load beyond the point at which some form of damage initiates. The analytical objective was to
develop the necessary analytical tools to determine the sublaminate stress states near points of
concentrated loading that were likely to initiate damage. The experimental objective,
meanwhile, was to identify damage modes and damage initiation loads from an extensive testing

program, which would also be used to verify the analysis.

The laminated beams that were used in the experimental study included various thicknesses,
support spans, and lamination sequences. Additionally, grouped ply stacking sequences,
consisting of 5 plies of the same angular orientation adjacent to each other, were compared to
interspersed stacking sequences, where each adjacent ply has a different angular orientation.
Experiments were conducted to determine both the final failure load and the load at which
damage first initiated. Visual inspection was used to identify the damage modes for both
specimens with initial damage only and failed specimens. A linear elastic solution based on a
generalized plane deformation assumption was used to determine the stress distributions in the
laminated beams. An elliptical traction distribution was used to mode! the contact at the load

nose and support points.

Analytical results indicated that displacements and ply-level stress distributions were
significantly affected by fiber orientation, length-to-depth aspect ratio, and whether a grouped
or interspersed stacking sequence was used. Analysis was also used to predict damage
initiation loads based on the four classifications of initial damage and failure criteria shown in
Table 1.1. The coordinate axes according to Starbuck et al. are shown in Figure 1.1. In addition
to the damage mode identification, experimental results also included observations on the
damage susceptibility of the specimens. The quasi-isotropic [0/+45/90] type stacking

sequences were found to be less damage tolerant than the [0/+60] type laminates. Likewise,
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Table 1.1 - Initial damage modes according to Starbuck et al. [1]

initial Damage Mode Specimens Affected Failure Criterion
crushing aspect ratios < 1.0 in. max. contact pressure

tensile or fiber breakage 0.24 in. thick specimens with | max. tensile bending stress,
3.00r5.5in. spans back 0° plies

delamination large aspect ratios, max. shear stress txz, with

interspersed stacking consideration of compression

normal stress

|| matrix cracking grouped stacking max. shear stress, xz plane

—

- N

’(—::-)

77/ éA%/.

&———— span ——— >

. H
aspect ratio = span

Figure 1.1 - Coordinate axes and specimen dimensions according to Starbuck

et al. [1]
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the grouped sequences were more susceptible to damage than the interspersed sequences.
The linear elastic analysis predicted ply level stresses up to the load at which damage was

initiated, but could not be used to predict damage tolerance and final specimen failure.

1.1 Objectives

The main objective of this project was to evaluate the effects of isolated damage modes on the
compressive strengths and failure characteristics of laminated composite test specimens using
an experimental and numerical approach. Most of the specimens were obtained from an earlier
study on the damage characteristics of three-point bending [1]. Although Starbuck [1]
examined the specimens and identified damage trends, more detailed damage descriptions
were required for the present work. The first goal of the present study was to accurately identify
and classify the damage states present in the specimens as obtained from Starbuck. Upon
further examination, these specimens were found to have isolated damage modes which varied
according to the type, location, and quantity of damage. These damages are hereafter referred
to as initial damage states or classifications. The specimens were of various thicknesses ranging
from 0.24 to 1.1 inches with quasi-isotropic stacking sequences of [0/£60]ns, [0/£45/90]ns,
[05/605/-605)7¢ or [05/455/-455/905]55. Experimental determination of the compression
strength was sought as a function of initial damage classification. Specitically, a relationship was
sought between the mode and extent of initial damage, and the compression strength and
failure mode. Numerical work in the form of finite element analysis was conducted to aid in the

understanding of the experimental results.
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1.2 Approach

The approach centered on an experimental program for compression testing of the initially
damaged specimens, with supplemental analysis and literature review as needed to understand

and interpret the experimental results.

A survey of the appropriate literature appears in Chapter 2. The topics covered include
compression test fixtures, compression failure theories, experimental compression after impact_
work, and both experimental and analytical work on compression with initial damage. The
procedure for the three-point bend testing conducted by Starbuck is reviewed in Chapter 3,
which also includes the documentation of initial damage states and the selection of an
appropriate compression test fixture and test method. Chapter 4 includes the experimental
results, categorized according to the initial damage modes. These modes include multiple
through-thickness delaminations, isolated delaminations, damage near the surface, and matrix
cracks in grouped ply laminates. Numerical work is described in Chapter 5 beginning with a brief
explanation of the finite element assumptions, initial damage representation, and applied failure
criteria. The balance of the chapter is broken into two main sections. The first of these one
addresses the problem of compression with initial damage in the form of isolated delaminations.
The second focuses on the comparison between grouped and interspersed stacking
sequences. The experimental and numerical work is summarized with the major conclusions of

the project in Chapter 6.
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Chapter 2
Literature Survey

Because this study invoives aspects of many different topics in the mechanics of composites,
the relevant literature also covers a variety of areas. Among these areas are the general topics
of compression testing, compression failure theories, compression after impact testing, and
analysis of compression response of composites with simulated damage. Although no attempt
has been made to include all the papers on each of these subjects, the following represents the
publications that relate most closely to the objectives of this study. A more complete review of
compression test methods and compression failure theories was conducted by Camponeschi
[2]. The review of compression failure theories by Shuart [3] is also very thorough for work prior

to 1985.
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2.1 Compression Testing

2.1.1 Fixture Designs

Numerous methods of compression testing are currently in use for composite laminates
depending on the particular application. The basic types of compression testing include the
sandwich beam method, side-face loaded method, end loaded method, and special purpose
methods [4,5]. The different methods have evolved due to efforts to find a compressive
strength for composite laminates as well as efforts to characterize compressive material

properties in a reliable and efficient manner.

The sandwich beam compression test method is recognized by ASTM Standard D3410 [6] as a
method to determine compressive material properties of unidirectional composite laminates. A
composite specimen is used as the top face plate in a three part sandwich that includes a
honeycomb core (hexagonal aluminum) and a back face made of some other material. The
material for the back face is chosen such that the composite specimen will fail in compression
before the back face fails. The specific material for the back face is not specified, although a
thickness approximately twice that of the composite tace plate is recommended. The basic
concept of the sandwich test is to load this sandwich in four-point bending such that the
composite specimen will be in compression between the two innermost load points. A

schematic of a typical configuration is shown in Figure 2.1. The specimen size (top face plate)
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as specified by ASTM Standard D3410 is a length of 22.0 inches, a width of 1.0 inch, and a

thickness of 6 plies.

The other two recognized compression tests for material classification in ASTM Standard D3410
[6] use the side-face or shear loaded method [4,5]. A side-face or shear loaded method is
characterized by load introduction to the specimen through of a pair of grips which hold the
faces of the specimen at both ends. These grips are then restricted to remain aligned with
respect to each other as they are brought together under compression loading. Due to the
nature of the grips, the specimens must be protected from damage to their faces. Tabs are
adhesively bonded to the specimens at each end with the gap between the grips becoming the
effective gage length of the specimen. The two fixtures from ASTM Standard D3410 specify
strict specimen dimensions. The total specimen length is 5.5 inches with a 0.5 inch gage length
between tabs. The width of the specimen can range from 0.25 to 1.5 inches, depending of the
fixture used. Thickness of the specimen is not specifically stated, however the total thickness

of the specimen and tabs is restricted to 0.157 inches.

There is no recognized standard for end loaded compression test fixtures, aithough many are
used for a variety of applications. A modified version of the method described in ASTM
Standard D695 for the testing of plastics has been used by Boeing for material characterization
{4,5). This configuration requires end tabs to prevent brooming when testing to find the
compressive strength. Since the specified gage length of 0.188 inches is so short, strain gage
instrumentation cannot be used with end tabs. Therefore, to find material properties a test must

be conducted without the end tabs and then stopped prior to end brooming.

Another end loading fixture, designed and used by Adams [4,7], is the Wyoming End-Loaded,
Side Support (ELSS) fixture which uses an untabbed specimen. A pair of steel blocks bolted to

each end of the specimen prevent buckling and end brooming, as shown in Figure 2.2. Flat
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Figure 2.1 - Sandwich beam compression test contlguration, ASTM
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Figure 2.2 - Wyoming End-Loaded, Side-Support compression test fixture
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steel platens are placed on both the top and bottom of the fixture to provide load bearing
surfaces for the load frame. The specimen fits into a pair of grooves in the steel blocks which
determine the specimen thickness and provide support to the sides of the specimen within the
grips. The intended thickness is on the same order as the standard side-loaded (shear loaded)
methods, with a total specimen length of 5.5 inches and a width of 0.5 inches. Specimen gage
length is specified as 0.5 inches but may be varied from zero to 1.0 inches by changing the

overall length of the specimen.

An end loaded fixture used at NASA-Langley Research Center [8] allows for specimens of
different widths. This fixture consists of a pair of steel blocks to which the untabbed ends of the
specimen are anchored. The blocks provide support to the front and back faces of the
specimen and thus prevent failure by end brooming. The blocks are placed in a guide cylinder
for alignment. Specimen length for the fixture is 1.5 inches with an unsupported gage length of

0.5 inches and a thickness equivalent to 16 plies of T300/5208 graphite/epoxy.

A moditication of the NASA end-loaded fixture by Girdal and Starbuck [9], shown in Figure 2.3,
incorporates three important improvements. The first difference is that this modified fixture can
accommodate specimens of different thicknesses by adding or subtracting shims located in the
fixture grips at the ends of the specimen. These shims allow the specimen to be aligned directly
under the load application even for different thickness specimens. Secondly, the boundary
conditions at the ends are changed by creating a radius that slopes toward the specimen,
thereby reducing the stress concentration due to Poisson expansion at the grips. Additionally,
quarter-circle side supports the same thickness as the specimen are placed between the fixture
grips to prevent expansion of the specimen in the width direction. Finally, side support pins are

included so that longer specimens can be tested without “uckling. Typical specimen
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dimensions are 0.75 t01.0 inches wide by 1.5 inches long by 0.04 to 0.1 inches thick. The

unsupported gage length is approximately the same as the specimen length.

The short block compression fixture shown in Figure 2.4 can also be used for specimens of
different thickness. This simple fixture requires specimens to be of sufficient thickness, length,
and width to prevent global buckling [10]. The fixture consists of a pair of flat platens with an
adjustable width groove that secures the ends of the untabbed specimen. By using larger
specimens, additional room is available for strain gages. A typical specimen size for this fixture is
1.75 inches long by 1.5 inches wide by 0.24 inches thick. Unlike many of the other fixtures
mentioned, this fixture does not incorporate a means of alignment for either the fixture or the
specimen. Thus, strain gages and other instrumentation are generally employed to assure

proper specimen alignment with respect to the axis of loading.

A fixture designed by Camponeschi [2] specifically for the testing of thick section composites
ranging from 0.25 to 1.0 inches thick, is shown in Figure 2.5. This fixture is based on the
Wyoming End-Loaded, Side Support fixture discussed previously for the testing of 0.1 inch
thick specimens. Steel blocks were again used to grip the top and bottom of the specimen, with
flat steel platens inserted above and below the blocks to be used as load bearing surfaces.
Because of the interlocking shape of the blocks, the specimens were supported on all four
sides inside the grips. Camponeschi used tabbed specimens in order to retain similarity with the
requirements of the fixtures in ASTM Standard D3410-87. Specimen geometries were
designed to keep constant ratios of thickness to gage length and thickness to tab length. In
order to accommodate these different specimen sizes, different fixtures were built and scaled
accordingly. Alignment rods were not included in the design because the specimens were

believed to be of sufficient thickness to provide stability for both the specimen and the fixture.

Chapter 2: Literature Survey 12



composite
specimen

specimen

Figure 2.5 - End loaded fixture for thick section composites, Camponeschi [2]

Chapter 2: Literature Survey

13



Alignment of the specimen with respect to the loading axis was achieved by placing a self

aligning spherical seat between the bottom platen and the load frame.

2.1.2- Specimen Geometry

Various studies have been conducted to study the effects of specimen length [11,12] and
thickness [2] on compression strength. These studies have shown the importance of

specimen geometry as it relates to ultimate compression strength.

A study conducted by Adams and Lewis [11] used 20-ply, unidirectional, AS4/3501-6,
graphite/epoxy specimens to determine the effects of specimen gage length over a wide range
of values. When specimen thickness is less than the specimen width, the slenderness ratio is
defined as the ratio of gage length to width. No specimens with a thickness greater than the
specimen width were tested. The compressive strength was found to be constant over a wide
range of slenderness ratios, provided the specimen did not buckle globally. However, as the
gage length was decreased to a level where the ratio of gage length to thickness was

approximately equal to 1.0, compression strength decreased by 10-13%.

A similar study by Smoot [12] also showed an approximately constant compression strength
when the slenderness ratio was below the value at which giobal buckling occurred. By varying
the specimen gage length while holding the width and thickness constant, specimens were
tested with sienderness ratios ranging from 15.2 to 163.2. The unidirectional specimens were
made from AS1/3501-6 graphite/epoxy with a width of 0.25 inches and a thickness of 0.07

inches. Specimens with ratios of gage length to thickness on the order of 1.0 were not tested.
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A study specifically addressing thick composites and the effects of increasing thickness on
material properties and compressive strength was included by Camponeschi [2]. This study
used two materials, AS4/3501-6 and $2/3501-6, and two stacking sequences, [02/90]ns and
[0]n. The three thicknesses tested were 0.25 inches, 0.5 inches, and 1.0 inches. Although the
study found a decrease in compression strength for thicker specimens, this effect was later
attributed to the fixture used (Figure 2.5). The effect of increased specimen thickness on
compression strength was evaluated by defining the fiber exit angle. Fiber exit angle is defined
as the angle of the outermost 0° fibers at the point in the specimen immediately after the edge
of the compression test fixture grips, as shown in Figure 2.6. This angle exists due the Poisson
expansion of the specimen in the unsupported gage length. The fiber exit angle was evaluated
using a finite element analysis which led to the conclusion that the exit angle increases by 25%
between the 0.25 inch thick specimen and the 1.0 inch thick specimen. The fiber exit angle
was added to the initial fiber misalignment angle, and the resulting sum was used in two failure
theories based on fiber kink band formation. The final compression failures predicted by this
analysis were well matiched to the experimental results, indicating that the increased exit angle
was indeed the cause of the reduced strength. Finally, it was concluded that the compression
strength for thick composites would be that same as the strength for thin specimens if the

fixture restrictions were eliminated.

2.2 Compression Failure Theories

Camponeschi [2] includes an extensive literature review of both current and past theories for

compression failure of laminated composite materials. The theories are divided into the general
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categories of fiber buckling, transverse tension, and fiber kinking. Fiber buckling theories
(microbuckling) are usually based on the work by Rosen [13), for a two-dimensional stability
model of unidirectional fiber columns on elastic foundations. An extensional mode (Figure 2.7)
with fibers buckling out of phase was proposed for fiber volume fractions less than 30%, while a
shear mode with fibers buckling in phase was proposed for fiber volume fractions greater than
30%. Other experimental findings since the publication of Rosen's work have found this model
to provide an upper bound to experimentally determined compression failure strains. The lack
of experimental agreement led to the development of other compression failure theories. The
transverse tension theory attributes compression failure to the presence of transverse tensile
stresses in laminates with low transverse strength. Interactive failure theories that include the
effects of both transverse tension and uniaxial compression were proposed. Experimentally‘
observed formation of kink bands led to theories for fiber kinking. Fiber kinking models are
based on the assumption that the erroneous high estimate of compression failure given by the

ideal fiber buckling models may be attributed to the presence of misaligned fibers.

In addition to the analytical failure theories reported in Ref. [2], a number of experimentally
observed compression failure trends were also noted. For unidirectional composites, fibers
which are weak in compression fail by uniaxial compression before fiber bucking occurs. For
fibers that are not weak in compression, failure initiates as microbuckling at the free boundaries,
delaminations, voids, or at points of stress concentration due to the test hardware. A compliant
matrix leads to continued failure due to microbuckling, while a stiff matrix leads to failure by fiber
kinking. For all of these unidirectional cases, final failure is in the form of kink bands. For quasi-
isotropic laminates, failure is initiated in the 0° plies as kinking, which progresses differently
depending on the toughness of the matrix. For brittle matrices, this progression is almost

instantaneous.
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Camponeschi [2] explained his experimental work by using the failure theories of Argon [14]
and Budiansky [15] for fiber kinking. Argon attributes compression failure to kink band
formation which initiates due to initial fiber misalignment. The misalignment produces shear
stresses that eventually cause collapse of the misaligned fiber. The subsequent stress
redistribution leads to the propagation of the collapse across the specimen. The expression
developed for compression strength is a function of the initial angle of fiber misalignment and

the shear strength of the matrix.

Budiansky proposes a more complete model for fiber kinking that reduces to the model by
Argon for the case when the yield strain of the matrix is very low. Budiansky assumes perfect
plasticity of the matrix beyond the yield strain. An expression is developed which gives the
compression strength as a function of the initial fiber misalignment angle, the yield strain, and

the shear modulus.

Another extensive literature review of compression failure theories was conducted by Shuart
(3], although it includes only those works published before 1985. These theories are divided
into short wavelength buckling failure and interlaminar shear failure due to lamina imperfections.
For failure theories that included the effects of geometric and/or material nonlinearities,
reasonable correlation with experimental data was achieved. Failure theories for multi-
directional laminates in compression were found to be limited to buckling of the outermost
layers. Buckling of interior, embedded layers had not been addressed. Shuart developed a set
of failure criteria that includes a linear analysis to predict failure by outermost ply buckling, anda
nonlinear analysis to predict failure by interlaminar shear strains and in-plane matrix shearing. A
subsequent paper by Shuart [10] also included a maximum stress matrix compression criterion.
it was found that the failure modes of angle ply [+0]s laminates depend of the orientation angle

9. For 0°<6<15°, failure is due to outer lamina buckling or interlaminar shear strains, depending
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on the level of imperfections in the lamina. For 15°<0<75°, failure is due to inplane matrix

shearing, while for 8>75°, failure is due to compressive failure of the matrix.

In addition to those works cited by Camponeschi and Shuart, recent failure theories have
included the effects of free edges and combined loading. Waas et al. [16] developed a model
for straight, aligned fibers based on the observation that compression failure initiates at a free
edge. The model, based on the work by Rosen [13], performs relatively well for low fiber
volume fractions and gives failure strains lower than the Rosen model. The model is not as
successtul for higher fiber volume fractions, due to the interaction effects between multiple
fibers and matrix. Better correlation is expected for fibers modeled in three rather than two
dimensions. Other limiting assumptions include perfectly aligned fibers and perfect fiber/matrix

bonding.

A microbuckling model for plates with a hole was proposed by Gurdal and Hafka [17]. The
presence of both compressive and shearing stresses led to a modification of Rosen's theory to
include shear effects. Experimental results for far-field failure strains of plates with a hole

correlated well with the analysis.

2.3 Compression After Impact

The experimental study of compression after impact has been ongoing for many years. Some
of the early work in this area was conducted by Stames et al. [18] in 1979. They impacted 48-ply
graphite/epoxy specimens (24.8 cm long by either 11.4 or 12.7 cm wide) with 1.27 cm diameter

aluminum spheres with impact speeds ranging from 50 to 100 mvs.  They concluded that
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impact speeds between 50 and 60 nvs have littie effect on compressive failure strain, atthough
c-scans and sections taken through the impact site indicated the presence of interior damage.
They also noted a significant strength loss at 100 m/s impact. The damage area and number of
delamingtions. as determined by sectioning some of the specimens through the impact site,

were found to increase with increasing impact speeds.

A companion paper to the previous study was conducted by Rhodes et al. [19] to include
further characterization of the specific damage caused by impact. The study by Rhodes again
involved impact of graphite/epoxy specimens by 1.27 cm diameter aluminum spheres.
Specimen dimensions were either 12.5 cm wide by 25.4 cm long or 83.1 cm wide by 25.4 cm
long. Thicknesses ranged from 0.56 to 0.79 cm. Five stacking sequences were examined, all
of which consisted of 45°, 0°, and 90° plies with 45° plies at the outer surfaces. The first visible
damage was reported as a crack on the back surtace of the specimen. At the same time, the
front surface showed a shallow depression from the sphere. In the interior of the specimen,
meanwhile, damage consisted of a v-pattern that began under the impact site at the top surface
and extended outward and down. Low velocity impact caused matrix cracks and very short
delaminations forming this v-pattern, while higher velocities caused the v-shape to fill in with
further delaminations and matrix cracks. The damage was believed to be caused by internal
stress waves that initiated in the specimen interior at the time of contact with the impact sphere.
The presence of local out-of-plane deformation would then cause the damage to propagate.
Under compression loading, three failure mechanisms were observed. These were local
buckling of sublaminates, short wavelength out-of-plane deformation, and local shear tailure.
Sublaminate buckling was found to occur at a lower strain than the other two mechanisms. A
third related paper by Starnes and Williams [20] presented sublaminate buckling results which
were found to agree qualitatively with the analytical results by Chai, et al. [21]. In a study on the

effects of different resin systems on impact damage tolerance, Williams and Rhodes {22] noted
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two different compression after impact damage propagation modes, depending on the shear
modulus of the resin. The first is a delamination mode that fails by sublaminate buckling. The
second, referred to as transverse shear, is caused by shear instability and local fiber buckling.

These two failure modes are shown schematically in Figure 2.8.

Guynn and O'Brien [23] conducted a study to identify the effects ot stacking sequence and
thickness on the distribution and size of delaminations due to impact, and the corresponding
effects on residual compression strength. Specimens were made from T300/5208
graphite/epoxy with 16, 32, or 64 plies. Dimensions were either 4 inches by 13.75 inches for
the 16-ply and 32-ply specimens, or 5 inches by 10 inches for the 64-ply specimens. Guynn
and O'Brien concluded that delamination area due to impact damage area did not necessarily
correlate with compression failure strain. Peanut-shaped delaminations were observed at
almost every ply interface. The major axes of the delaminations were aligned with the fiber angle
of the ply furthest from the impact point. The largest delaminations in thin laminates (16 plies)
were located in the interface next to the back ply, causing this ply to buckle early in the post-
impact compression test. More uniform delamination distribution through the thickness was
found in thicker laminates (32 or 64 plies). For the same impact energy per unit thickness, the

thicker laminates were found to have higher compression failure strains.

A more recent paper by Dost, et al. [24] also discussed the effects of stacking sequence on
compression after impact response. Specimens were either 24 or 32 plies thick, with lengths of
15.2 cm and widths of 10.2 cm. This study involved quasi-isotropic stacking sequences with a
constant change in angle in the repeating sequence. Stacking was chosen such that the
difference between adjacent angles added to a sum of zero {[45/90/-45/0]s, for example).
Impact of such a stacking sequence was shown to result in a spiral staircase damage pattern

(Figure 2.9), as was documented earlier by Gosse and Mori [25]). The staircase pattemn is actually

Chapter 2: Literature Survey 22



Compression Compression
Load Load

Impact > Impact

Site % Site

Transverse Shear Mode Delamination Mode
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made up of delaminations which occur at each ply interface, connected to the delaminations at
neighboring interfaces by transverse matrix cracks. Fiber damage was also noted to occur for
some impact energies, with a concentration at the impact site. The maximum diameter of the
fiber damage zone was found to be the size of a hole that the impacter would form if it
penetrated the composite. The same v-pattern noted by Starnes, et al. [18] was noted to occur
for these stacking sequences. A series of laminates with increasing effective ply thickness,
[45/90/-45/0]3s, [452/902/-452/02]2s and [453/903/-453/03]s was also tested. It was
concluded that increasing the ply group thickness had an overall negative effect on
compression after impact performance for a given impact energy. It was suggested that the
failure mechanism may be different for these grouped ply laminates, rather than sublaminate
stability as was assumed for the interspersed ply laminates. Specimens with a [30/60/90/-60/-
30/0]2s stacking sequence were found to have higher compression after impact strengths, due

to the thicker sublaminates that occurred in these specimens versus the [45/90/-45/0]3s

specimens.

2.4 Compression With Simulated Impact
Damage

In order to gain a clearer understanding of compression after impact failure mechanisms, several
researchers have conducted compression studies on specimens with damage initiated through
some means other than impact. Experimental studies generally focus on preimplanted

delaminations, while analytical work is concerned with the analysis of plates with carefully
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selected forms of delamination. Unlike compression after impact studies, the effects of fiber

damage and additional matrix cracking are generally neglected.

2.4.1 Experimental Studies

A number of studies have been conducted which incorporate the use of implanted
delaminations and/or small holes to simulate the impact damage. Among such studies is a paper
by Wang and Whitcomb [27] that includes both pre-implanted artificial delaminations and small
holes. Delaminations with 1.5 inch diameters were implanted between layers 4 and 5 in
[90/02/90]ps stacking sequences of AS4/3502 and AS4/PEEK(APC-2). The delaminations
divided the laminates into a sublaminate and base laminate. The holes were drilled in the base
laminate to simulate possible base laminate damage. The diameters of the holes ranged from
0.75 to 1.25 inches. The conclusion of this study was that the strain required for delamination
growth decreased with the presence of a hole compared to the laminate without a hole. This
implies that damage in the base laminate would also reduce the strain necessary for

delamination growth.

A study by Davidson [28] was conducted on specimens with pre-implanted delaminations in
order to provide verification of a subsequent sublaminate buckling analysis. A comparison to
actual impact damaged specimens was included. The 24-ply specimens with pre-implanted
delaminations showed clear indications of sublaminate buckling according to the strain gages
and shadow moire techniques used. However, the specimens with actual delaminations

exhibited a slow steady increase in out-of-plane deflection with no apparent bifurcation point.

In reference [29], Davidson reports additional experimental data for panels with a

[+45/90/0/£45/02/£45/03)s stacking sequence and pre-implanted delaminations. For circular
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delaminations located 4 plies down from the top surface, delamination buckling was observed
prior to final failure. Loading was always coincident with the x-axis of the panel. When the
delamination was elliptical with its major axis coincident with the y-axis of the panel, no
delamination buckling occurred prior to final failure. Elliptical delaminations were placed both 4
plies down and 8 plies down from the top surface. A comparison was made between 2 circular
delaminations with one located 4 plies from the top and the other located 4 plies from the
bottom, and the same configuration with a third delamination located at the midplane of the
panel. It was found that these configurations have the same initial buckling load, although the
final failure load is about 18% lower for the three delamination case. Further comparisons can
be drawn between one, two, and three circular delamination cases. All three configurations
experience the same initial buckling load with the one and two delamination cases also sharing

the same final failure load.

Also working with pre-implanted delaminations for sublaminate buckling verification, Pavier and
Chester [30] selected a carbon fiber reinforced PEEK material. Delaminations were implanted 3
or 5 plies down in a [45/-45/03/45/-45/02]s stacking sequence. With the aid of a 3-dimensional
finite element analysis they concluded that initially flat delaminations gave identical results to
undamaged coupons. This was at first unexpected since the sublaminates were unsymmetric,
however it was noted that the bend-stretch coupling effects were negated by the fact that the
ends of the sublaminate were not free to rotate. When an initial out-of-plane deflection of 0.1-
0.2 mm was included, failure loads that matched experiments could be attained. The failure
criterion used was Tsai-Hill. The authors concluded that the presence of delaminations had a
measurable effect on compression strength, although the data they presented listed only 1 of 8
specimens with greater than a 7% reduction in compression strength. Experimentally, the

delaminated sublaminates were observed to buckle prior to compression failure.
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2.4.2 Analytical Studies

Analysis of damaged composites under compression loading currently includes the study of
buckling phenomena, postbuckling delamination growth, and delamination growth due to static
loading. Chai, et al. [21] used an analysis based on a three term Rayleigh-Ritz approximation to
find the buckling load of a delaminated, one-dimensional, isotropic, homogeneous, linearly
elastic plate. One delamination was assumed such that the damage area was large compared to
the laminate thickness but small compared to the size of the plate. This analysis gave the
buckling strain of the delaminated region. Postbuckling delamination growth was predicted by
comparing the strain energy release rate to the fracture energy (energy required to produce a
new unit of delamination). It was found that delamination growth may be either stable or
unstable depending on the dimension of the delamination and the magnitude of the fracture

energy.

Sallam and Simitses [31] and Yin,et al. [32] used a similar buckling analysis for one-dimensional,
cross-ply, delaminated beamvplates. The boundary conditions on the beanvplate were either
hinged or clamped. An unsymmetric cross-ply beamvplate was also studied to determine the
effects of bend/stretch coupling. Following the buckling analysis, the strain energy release rate
was computed to determine the stability of delamination growth. It was found that buckling
occurs at low values of applied load for long thin delaminations, and delamination growth is a
strong possibility. The load required to sustain delamination growth was found to decrease as
growth continued. For short thick delaminations, the buckling load served as a lower bound

estimate of the ultimate failure load for the beam.
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Shivakumar and Whitcomb [33] were interested in the buckling of near surface, embedded,
elliptical, anisotropic sublaminates with a quasi-isotropic base laminate. Buckling strains were
determined by both a finite element program and a Rayleigh-Ritz approximation. it was found
that 0° sublaminates buckle only by remote compression strain, while 90° sublaminates also
buckle by remote tension strain (Poisson contraction in the y-direction due to remote tension in
the x-direction causes buckling of 90° sublaminates). The buckling strains of [0]4 and [90]4
sublaminates were found to form the upper and lower bounds of the buckling strains for

[0/90]2s, [+45]2s, and [0/+45/90]T sublaminates.

Shaw and Tsai [34] studied the one-dimensional delamination growth problem for a [6/£45/-0]T
stacking sequence with the delamination located between the +45° and -45° plies. The
moment and force resultants from the bucking analysis were used in a finite element model of
the crack tip region (at the end of the delamination). The finite element mode! was then used to
find the strain energy release rates. It was found that the G)j| component of the strain energy
release rate (delamination growth by scissoring) was negligible compared to the Gy (growth by
sliding) and G (growth by crack opening) components. The total strain energy release rate was
found to increase as the applied load increased. As the load was increased, the crack length for
unstable crack growth was found to decrease, a trend which had been previously noted by
Sallam et al. [31] for cross-ply laminates. The specific delamination failure mode (mode | or mode

1) was found to change as the angle 6 changed in the stacking sequence [6/£45/6]T.

Jones and Callinan [35] studied through-the-width delaminations using a three-dimensional
finite element model. Static loading was used with calculations of the strain energy release rate
and strain energy density to predict delamination growth. Specimens considered had a

[+45/02]2¢ stacking sequence and a single delamination of varying width and length. Load was

introduced at the center of the ends of the specimens. For this loading condition,
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antisymmetric sublaminates were found to exhibit bending and twisting. Values of the strain
energy release rate and strain energy density increased slightly with increasing delamination

length and width.

Whitcomb [36] compared near surface, embedded delaminations to near surface, through-the-
width delaminations. The analysis was conduced with geometrically non-linear, three-
dimensional finite elements. A [0/+45/90]s stacking sequence was used with simplified
"homogeneous quasi-isotropic laminate™ material properties which consisted ot an averaged Cjj
matrix for the laminate. The Gj, G|} and Gy;j components of the strain energy release rate were
calculated after sublaminate buckling occurred and Gy was found to be negligible. For
through-the-width delaminations and embedded elliptical delaminations, the G| component at
the top of the delamination (coincident with the x-axis) followed a similar trend but with a
reduced magnitude for the embedded delamination. The circular delamination had no Gj
component at the top of the delamination. However, both of the embedded delaminations had
an additional G| contribution on the side of the delamination coincident with the y-axis.
Therefore, it was concluded that embedded and through-the-width delaminations grow

differently under uniaxial compression.

Dost, et al. [37] and licewicz, et al. [38] extended the work of Shivakumar and Whitcomb [33] for
embedded delaminations using a Rayleigh-Ritz approximation. The eftects of bending-
extension coupling were included by using a reduced bending stiffness approximations (the [D]
matrix was reduced by [B][A]"1[B]). The effect of a finite width plate was accounted for by using
a finite element analysis to determine a finite width correction factor. Multiple delaminations
were handled by reducing the moduli of each sublaminéte as it buckled, and continuing the
analysis. Experiments on an impacted, quasi-isotropic plate with a spiral array of interconnected

matrix cracks and delaminations [24,25] (Figure 2.8) were used to verify the analysis.
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Delaminations were modeled as individual circles creating four ply thick repeating sublaminates.
The buckling load for each the the four possible stacking sequences was calculated and
averaged for use in the progressive analysis. As each sublaminate buckled and its moduli were
reduce_d. a maximum strain failure criterion was monitored to determine the ultimate plate failure

load. The analysis compared well to the experimental results.

In a similar analysis to Dost, et al. [37] and licewicz, et al. [38], Avery [26] used the same reduced
moduli concept to represent buckled sublaminates. However, rather than modifying the D]
matrix to account for bend/stretch coupling, Avery used the full ABD matrices with fully coupled
partial differential equations for anisotropic elasticity. This method is compared to the same
experimental data as [37,38] and found to give an upper bound for laminate failure, while

[37.38] give a lower bound.

Davidson [28,39] considered compression failure, global buckling, and local delamination
buckling failure modes in order to predict the initial failure load and mode. Up to three
embedded, elliptical delaminations are considered. A buckling analysis was used similar to Ref.
[37,38] in that bend/stretch coupling was modeled using the reduced bending stiffness
approximation. In acdition, analysis included effects of Poisson ratio mismatch between
sublaminates. Initial failure is determined by checking each of the failure criteria and finding the
lowest failure load. Compression failure is determined using the maximum strain failure criterion.
It is noted that both compression failure and global buckling correspond to ultimate laminate
failure. Delamination buckling, meanwhile, allows continued analysis of the remaining, unfailed
sublaminates. The results compared well to experiments with implanted delaminations. The
experimental results were also compared to analysis by Shivakumar and Whitcomb (32} and

Chai, et al. [21]. These two analyses were found to over predict the initial buckling load.
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In order to find the buckiing loads and modes for multiple through-the-width delaminations, Lee,
et al. [40] used a one-dimensional finite element model based a layer-wise plate theory. The
specific cases examined included a symmetric half model (no u displacement at x=0) and an
antisymmetric half model (no w displacement at x=0). The notation used to define the specimen
and delamination dimensions and buckling modes is shown in Figure 2.10 and 2.11. For two
delaminations near the surface {t/h = 0.25), symmetric sublaminate buckling dominates. The
addition of a delamination at the midplane does not change the buckling load or mode. When
the delaminations are farther from the surtace (Vh = 0.5), and the delamination length ratio is
between a/L=0.1 and a/L=0.4, the buckling mode is local symmetric. However, when a
delamination is added at the midplane, the buckling mode changes to global antisymmetric, with
a correspondingly lower buckling load. Multiple, uniform length delaminations were also
examined and compared with a single delamination and non-uniform length (triangular)
delaminations as shown in Figure 2.10. Multiple uniform length delaminations were found to
have a lower buckling load than the single delamination case. This is due to the antisymmetric
buckling mode, which becomes dominant as the number of delaminations increases. For
multiple delaminations with a triangular distribution, the buckling mode and load is local

symmetric, the same as for the one delamination case.
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Figure 2.10 - Buckling mode shapes for one delamination at midplane, Lee et

al. [40]

Chapter 2: Literature Survey 33



one delamination near surface

full uniform delaminations

triangular delaminations

Figure 2.11 - Delamination locatlons, Lee et al. [40]

Chapter 2: Literature Survey

34



Chapter 3
Experimental Procedure

Details of the experimental procedure, beginning with the 3-point bend testing conducted to
initiate impact-like damage, are included in this chapter. The first section includes a summary of
the 3-point bend testing procedure and an explanation of the chosen stacking sequences.
The next section begins with a description of the documentation procedure for classifying the
damage states after 3-point bend testing. A table of all the specimens tested in compression
along with their initial damage classification is included. The four initial damage classifications are
described with photos of typical specimens exhibiting each classification. The final section
shows the compression fixture used and the instrumentation placement. Details of the

compression testing procedure and recorded data are also included.
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3.1 Flexure Testing, 3-Point Bending

Most of the specimens used in this work were inherited from a previous study by Starbuck et al.
[1]. The 9 by 12 inch panels used in this previous study were fabricated from Hercules
AS4/3501-6 graphite/epoxy material. Ten specimens with dimensions of 6.0 by 1.0 inches

were cut from each panel , with the thickness varying according to the stacking sequence.

The goals of Starbuck’s experimental work were to study the effects of stacking sequence,
specimen thickness, distance between support points, and effective layer thickness on
damage characteristics under 3-point bend loading. He sought to determine the loads at which
damage initiated in the specimens and the modes of this damage. The fixture he used is shown
in Figure 3.1. It allowed a finite radius (0.25 inches) for the load and suppont points and the

flexibility to change the span by changing the distance between the lower supports.

Loading was accomplished using a 100 kip hydraulic load frame operating under displacement
control at a rate of 1.3 mm/min. Two tests were conducted for each stacking sequence and
span configuration, with one stopped after damage initiation and the other tested to ultimate
failure. Damage initiation was determined either by noting a drop in the load/displacement
curve, or by hearing an audible crack from the specimen. The specimens which were stopped

after damage initiation became the initially damaged specimens used in this study.

Two quasi-isotropic layups were chosen for the original study in order to determine the effects
of specimen thickness, layer thickness and stacking sequence. Thickness effects were studied

by testing 48-ply, 120-ply, and 200-ply or 210-ply laminates. Both [0/+45/90] and [0/+60]

Chapter 3: Experimental Procedure 36



)

load nose
el /

support point

suppont point

—>» span €&—

Figure 3.1 - Test fixture, three-point bending
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sequences were used, yielding the six stacking sequences of [0/+45/90]gs, [0/£45/90]1ss,
[0/£45/90]255, [0/+60]gs, [0/£60]20s, and [0/£60]35s. The effect of layer thickness on failure
mode and load was studied by comparing two additional laminates, [05/455/-455/905]5¢ and
[05/605/-605]7s, to the 200-ply and 210-ply laminates with interspersed sequences.
Specimens were labeled Q6, Q15, Q25, Q8, Q20, Q35, Q5 and Q7 according to the number of
repeats of the sequence above the plane of symmetry. In order to study the effects of
changing the distance between the support points, four spans of 5.5 inches, 3.0 inches, 1.0
inches, and 0.5 inches were employed. This brought the number of specimens tested under
three-point bend to eight per panel for eight panels, one at each span tested to damage

initiation and one at each span tested to ultimate failure.

In addition to the specimens used by Starbuck, two more panels of the same material and
dimensions were fabricated with stacking sequences of [0/£45/90]255 and [05/45s/-
455/905]ss. These additional panels were used for a study on the effects of initial damage
extent on compression strength. The panels were cut into 6.0 by 1.0 inch specimens and
tested under three-point bend loading with displacement control and a span of 1.0 inches.
However, rather than stopping the tests at the perceived damage initiation loads, tests were
stopped at predetermined load levels based on the initiation and failure loads reported by
Starbuck. By selecting load levels between these two loads, the amount of damage due to 3-
point bending could be varied. Specimens from these two panels were labeled A and B for the

interspersed and grouped sequences respectively.
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3.2 Initial Damage Documentation

The next stage of the current project involved documenting the damage states in the
specimens after three-point bend testing. This was accomplished by first polishing the edges
of each specimen, then making edge replicas using cellulose acetate replication film and regent
grade acetone. Duplicate replicas were taken of each edge in order to assure that no details
were missed and to provide a permanent record that could be referred to after compression
testing. X-rays enhanced with a zinc iodide solution were taken through the specimen faces in
order to see how the damage was distributed across the width. Examination of the x-rays and
replicas led to the classification of four difterent initial damage modes based on the extent,

location, and type of damage.

The mechanisms of failure include fiber breakage, matrix cracks, and interlaminar delamination.
None of these actually occurs separately from the others, but instead occurs as part of a damage
region. The specimens are listed in Table 3.1 according to their various initial damage
classifications. The numbers in parentheses are three-point bend spans, given in inches. The
specimen numbers consist of Q (for quasi-isotropic) followed by the number of symmetric
repeats for the panel. The number after the dash refers to the specific specimen within the
panel. Since some specimens were completely failed during the three-point bend study, the
specific specimen numbers are not consecutive. Specimens from panels A and B are
numbered A1 through A5 and B2 through B7 to identify individual specimens within the A and

B panels, respectively.
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Table 3.1 - Initlal damage classifications, with three-point bend spans in

parentheses
e = e
Undamaged Muttiple Isolated Damage
Through- Delams. Near {Grouped
Thickness Surface Ply
Delams. Stacking |
Sequences) |
I% - — . - - e t—
[0/+45/90]6s Q6-10 Q6-3 (1.0) | Q6-7 (1.0) Q6-5 (5.5)
Qé6-4 (0.5) Q6-6 (3.0)
Q6-8 (0.5)
[0/£60]gs |r Q8-4 (0.5) | Q8-3 (1.0) Q8-1 (5.5)
Q8-8 (0.5) Q8-7 (1.0) Q8-6 (3.0)
F' [0/£45/90]1ss Q15-9 Q15-3 (1.0) | Q15-2 (3.0) | Q15-10 (3.0)
Q15-6 (3.0)
| Q15-7 (1.0)
[0/£60]20¢ Q20-9 Q20-3 (1.0) | Q20-7 (1.0) | Q20-5 (5.5)
Q20-11 ﬂ
[0/£45/90]255 Q25-9 A4 (1.0) Q25-5 (5.5)
Q25-10 Q25-6 (3.0)
A5 Q25-7 (1.0)
A1l (1.0)
A2 (1.0)
A3 (1.0)
[05/+455/-455/905]ss Q5-10 Q5-4 (1.0)
Q5-11 Q5-6 (5.5)
B7 Q5-7 (3.0)
Q5-8 (1.0)
ﬂ Q5-9 (0.5)
B2 (1.0)
B3 (1.0)
B4 (1.0)
BS (1.0)
B6 (1.0)
[ [0/£60]ass Q35-10 Q35-2 (3.0) | Q35-5 (5.5)
Q35-11 Q35-6 (3.0)
Q35-9 Q35-7 (1.0)
[05/+605/-605)7¢ Q7-10 Q7-2 (3.0)
Q7-6 (3.0)
Q7-7 (1.0
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In the first classification of initial damage states, a combination of delaminations and matrix cracks
is found to occur within each [0/+45/90] or [0/+60] ply set through the specimen thickness.
This classification was referred to as multiple through-thickness delaminations, since the
delamination and matrix crack combinations are distributed evenly from the top to the bottom of
the specimens. This classification is most prevalent for the shorter spans (0.5 to 1.0 in.) and
thinner specimens (48 or 120 plies). Examples of this type of damage can be seen in Figure
3.2, where the top photo is taken from the edge replica. Only delaminations are included in the
sketch, rather than delamination and matrix crack combinations, due the the resolution of the

drawing.

The second classification is also made up of matrix crack and delamination combinations.
However, this damage occurs in only one or two ply groups per specimen with the overall length
of each combination from 0.75 to 3.5 inches long. This damage classification is referred to as
isolated delaminations, and occurs primarily with moderate spans (1.0 to 3.0 inches) and thin

specimens (48 or 120 plies). A typical edge replica and x-ray are shown in Figure 3.3.

A larger classification which includes all three failure mechanisms is that of damage near the
surface, as shown in Figure 3.4. This damage generally occurs in the first five ply groups
beneath the load nose and up to five additional groups above the support points. Thick
specimens (200 or 210 plies) with short spans (0.5 to 1.0 inches) and thin specimens (48 plies)
with long spans (3.0 to 5.5 inches) commonly contain initial damage that falls into the

classification of damage near the surface.

The final classification is primarily matrix crack dominated. It is the only damage classification
which occurred for specimens with grouped ply stacking sequences. Although the matrix

cracks may be restricted to the first few ply groupings, the damage mechanism is sufficiently
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SPECIMEN A4 Edge Replica of Initial Damage [0/+45/90]25¢
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Sketch of Initial Damage

X-Ray of Initial Damage

Figure 3.2 - Typical damage for multiple through-thickness delaminations
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SPECIMEN Q6-7 Edge Replica of Initial Damage [0/+45/90]gs
Lo
SPECIMEN Q86-7 [0/+45/90]6s SPECIMEN Q6-7 (0/+45/90]6s
—
< 1.0° —
Sketch of Initial Damage

X-Ray of Initial Damage

Figure 3.3 - Typical damage for isolated delamination classification
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SPECIMEN Q25-5 Edge Replica of Initial Damage

[0/+45/90]5¢

Sketch of Initial Damage

SPECIMEN Q25-5 [0/£45/90]25¢
%
- 5.5" >

SPECIMEN Q25-5

[0/145/90]255

T

X-Ray of Initial Damage

Figure 3.4 - Typical damage near the surface classlfication
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different to warrant a separate classification. An edge replica and x-ray of a typical specimen are
shown in Figure 3.5. Note from the x-ray of panel B that numerous matrix cracks in 80° layers are
present along the entire length of the specimen. These matrix cracks appear in the center 90°
plies prior to any testing, with panel B showing a significantly higher density than panel Q5.

Panel Q7 does not have this problem since the middle plies are not oriented at 90°.

The remaining specimens listed in Table 3.1 are the undamaged specimens that were not
tested in the three-point bend study. These specimens were included in the compression
testing program in order to provide a base from which to compare the strengths of the damaged

specimens.

Fiber volume fractions which were calculated according to the procedure in ASTM D-3171 are
shown in Table 3.2. The fiber volume fractions were needed to assure that strength
comparisons between panels were appropriate, particularly for undamaged specimens. Based
on the findings, a slight difference in undamaged compression strength was expected between
panels Q25 and A ([0/+45/90]2ss stacking sequence) and between panels Q5 and B

([05/+455/-455/905]s5¢ stacking sequences).

3.3 Compression Testing

In order to load these specimens of with different thicknesses in compression, a compression
test fixture was needed. Besides the requirement that the fixture accept specimen thicknesses
ranging from 0.24 to 1.1 inches, the fixture must also prevent global buckling. Since all the

specimens were 6.0 inches long, a maximum unsupported gage length of 1.5 inches was
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SPECIMEN B4 Edge Replica of Initial Damage [05/605/-605]7¢

SPECIMEN B4 [05 /605 /-605]7¢ SPECIMEN B4 [05/605/-605l7s

rewywy,] [ A
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DE—

Sketch of Initial Damage

X-Ray of Initial Damage

Flgure 3.5 - Typical damage for matrix crack {(grouped ply) classification
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Table 3.2 - Fiber volume fractions for each of the ten panels

Panel I Fiber Volume Fraction ||

[0/+45/90]gs Q6 0.677
| rors0ms a8 0.640
[0/+45/90]1 56 Q15 0.629
[0/£60]20s Q20 0.627 ﬂ‘
[0/445/30]55 Q25 0.632 “
A 0.551
“ [05/+455/-455/20s]55 Qs 0.641 “
B 0.602
[0/+60]355 Q35 0.593 ||
[05/+605/-60575 Q7 0.580
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determined for the thinnest specimens (48 plies) based on Euler column buckling as explained
in the appendix of ASTM Standard D 3410-87 [4]. Thus the compression fixture had to maintain
this effective gage length for all of the specimens. The specimens were much thicker than
those used in shear loaded applications [2-7], where load is introduced to the specimen
through tight clamps on the specimen faces as explained in Section 2.1. Loading a thick
specimen with a shear loading fixture would require high clamping forces so that ali of the layers
would move together. If insufficient clamping forces were used, the outside layers of the
specimen may move independently of the middle layers. Since the clamping forces required to
keep all the layers of a thick specimen together would likely damage or destroy the specimen, a

fixture which employed end loading was chosen.

The fixture used by Camponeschi [2], shown in Figure 2.5, was studied as a base from which to
construct a fixture specific to the specimens at hand. Like Camponeschi's fixture, the current
fixture, as shown in Figure 3.6, uses interlocking steel blocks to provide support to the ends of
the specimens. These blocks allow for different specimen thickness while preventing end
brooming and reducing the effective gage length. Additional alignment rods were included to
ease the test set-up and insure that the specimen was being compressed along its axis. The
often unsymmetric distribution of initial damage was expected to cause some undesirable global
specimen bending. The alignment rods were expected to reduce this phenomenon. In order
to reduce the stress concentration at the point in the specimen adjacent to the edge of the
grips, a radius of 0.25 inches was included around the inside edges of the fixture. Since the
specimens were sufficiently thick to allow a significant end loading area, end tabs were not
used. The torque on each of the 12 bolts was 5 ft Ibs. The entire fixture rested between two

steel platens through which the compressive load was applied.
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Figure 3.6 - Compression fixture for end loaded thick specimens
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Also shown in Figure 3.6 is the location of the DCDT displacement transducer and the
longitudinal strain gages. One strain gage was placed on each face of the specimen at the
center to monitor specimen alignment during testing and determine whether or not global
buckling occurred. The DCDT was placed on the outside of the blocks to measure the change
in length of the unsupported gage section. Because the specimen may slip somewhat in the
steel block grips, the change in length measure by the DCDT also includes the change in length

of the gripped portions of the specimen.

A Micromeasurements System 4000 data acquisition system was used to record output from
the two strain gages, the DCDT, and the load and crosshead displacement from the load frame.
Three different load frames were used based on the thickness and expected maximum failure-
loads of the specimens. All were MTS hydraulic load frames. The 48-ply, 0.24 inch thick
specimens were tested with a 50 kip frame, the 120-ply, 0.6 inch thick specimens were tested in
a 100 kip frame, and the remaining specimens were tested in a 300 kip frame, which is shown in
Figure 3.7. Loading was conducted under displacement (stroke) control with a ramp rate of

0.00025 in./sec, with data from all five channels recorded every second.
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Figure 3.7 - MTS 300 kip hydraulic test stand with compression fixture
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Chapter 4
Experimental Results

The experimental results are divided into five sections according to the initial damage mode of
the specimens and their final compression failure modes. The first section discusses the
results of compression tests conducted on undamaged specimens, which are later used as a
baseline to ascertain the strength reduction effects of the different initial damage failure. This is
followed by a section on specimens with an initial damage mode of multiple short delaminations
distributed though the thickness. The third section includes those specimens with relatively
isolated, longer delaminations. Specimens with damage concentrated near the top and bottom
surface are covered in the fourth section. Finally, those specimens with grouped ply stacking
sequences are included in the final section. Both the initial damage modes and compression
failure characteristics of the grouped ply laminates are sufficiently different than those in the

interspersed stacking sequences to warrant a separate consideration.

All of the graphs in Chapter 4 represent experimental compression data, with both stress and

strain piotted as positive quantities. The stress values are an average stress obtained from
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dividing the applied load by the specimen cross sectional area. The strain measurements were
obtained by dividing the DCDT readings by the total length of the specimens. For strains below
4000 p, the values from the DCDT readings very nearly matched the strain gage readings.
Strain gages, although accurate for measuring surface strain, do not give a reliable measure of
the average strain in the specimen beyond 4000 p because surface strains are no longer
representative of average strain beyond this level. The DCDT reading was divided by the total
length of the specimen rather than the gage length because this gave the best agreement with
the initial strain gage readings. However, because the inside of the grips were not frictionless,
the longitudinal strain was likely higher in the gage section and lower within the gripped
portions. This may explain some of the discrepancy between the experimental and numerical

results, as discussed in Chapter 5.

4.1 Compression of Undamaged Specimens

A limited number of specimens which had not undergone the three point bend test were tested
in compression in order to determine the amount of strength loss that could be attributed to
initial damage. These specimens were cut from the same panels as the initially damaged
specimens. There were generally one 10 three specimens tested from each panel. For panel

Q8, with a [0/£60]gs stacking sequence, o representative undamaged specimen was available.
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4.1.1 Stacking Sequence Effects

The strengths for the thin specimens, those with thicknesses less than 1.0 inches, are shown as
compression stress-strain relations in Figure 4.1. These relations are obtained from the testing
procedure described in the last section of Chapter 3. All four of these specimens failed at
approximately the same stress, even though they include three different stacking sequences.
Although a representative specimen from panel Q8 is missing, it is safe to assume that the
compression strength of a specimen with a [0/+60]gs stacking sequence would not differ
appreciably from the strength of specimens with {0/+60]2¢gs, [0/+45/90]gs, and [0/£45/80]15s

stacking sequences.

Although the compression strength seems to be relatively constant, the mode of failure differs.
All of 0.24 inch thick specimens with 48 plies failed catastrophically. However, specimens with
120 or more plies failed either catastrophically or progressively depending on the stacking
sequence. Thick specimens with a [0/£60] type stacking sequence tended to fail in their outer
plies first while the bulk of the plies in the center of the specimen remained in tact. Failure load
was defined, for the purposes of this study, as the maximum load carried by the beam. Thus,
the failure mode is the damage state corresponding to the failure load. As a result of this
definition, the failed [0/+60] type specimens appear able to carry additional load, and this may
be the case. However, further loading beyond the first load drop did not result in higher loads.
Therefore, the initial load drop corresponds to both the failure load and the failure mode. The
progressive failure mode for the [0/:+60] type specimens can be seen in comparison to the

catastrophic failure mode for the [0/£45/90] type specimens in Figure 4.2.
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Flgure 4.1 - Experimental compression relations for undamaged specimens, thickness

less than 1.0 inch, [0/+45/90]gs, [0/+45/90]15s, and [0/+60]20s
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SPECIMEN Q15-9 [0/£45/90]4 54 SPECIMEN Q20-11 [0/460] 50g

Compression Failed Specimen Compression Failed Specimen

Figure 4.2 - Typical compression failed specimens, [0/+45/90}15¢ and [0/+60]20s
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4.1.2 Specimen Thickness Effects

Camponeschi [2] noted that the compression strength of thick composites appeared to
decrease as the thickness increased: a behavior which was attributed to end effects in the
fixture. That fixture, like the fixture used for the present testing program, restricts the thickness
and width expansion of the specimen in the grips. This provides support to the ends and
prevents end brooming. However, the unsupported gage length of the specimen tends to
expand in the thickness direction due to Poisson's expansion. As the thickness of the
specimen increases, so too does the magnitude of the fiber exit angle (out of plane fiber angle
with respect to the axis of loading in the outer 0° ply at the edge of the grips, shown in Figure
2.6). By using compression failure theories by Argon [14] and Budiansky [15] based on initial
fiber misalignment angle, Camponeschi was able to show that an increased fiber exit angle
results in a decreased compression strength. This exit angle was calculated for thicknesses
ranging from 0.25 to 1.0 inches using a finite element technique. When the compression
strengths were corrected for the effects of exit angle, it was concluded that the compression
strength of thick composites was actually no different than the strength reported for thinner

composites.

Although the fixture used in this study (Figure 3.6) has rounded corners on the inside edges of
the grips adjacent to the specimen, the exit angle still exists but with a lower stress
concentration due to the grips themselves. It was not possible to observe the thickness effect
noted by Camponeschi for the specimens with a 0.6 inch thickness because only one
undamaged specimen with a thickness less than 0.6 inches was tested. However, as the

thickness was increased to 1.0 inches and beyond, compression strength did appear to
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decrease. The compression failure relations for the thick specimens along with the
compression failure strengths from the previous plot for the thin specimens are shown in Figure
4.3. Notice that the three specimens with (0/+45/90]25 stacking sequences, Q25-9, Q25-10
and A5, all have very nearly the same compression strengths. However, the Q35 series
specimens with a [0/+60]35¢ stacking sequence show more scatter. This may be because
specimen Q35-11 was only 0.976 inches wide in a 1.002 inch wide grip opening, whereas
specimens Q35-9 and Q35-10 were 1.000 inches wide. The extra 0.024 inches for width-wise
expansion in the grips may have slightly reduced the magnitude of the exit angle in specimen
Q35-11, as compared to the wider specimen Q35-9 and Q35-10. A reduced exit angle,
according to Camponeschi's (1] explanation, would increase the specimen failure load, as

observed for specimen Q35-11.

As with the 0.6 inch thick specimens of Figure 4.2, the 1.0 inch thick [0/+45/90]255 specimens
failed catastrophically while the 1.1 inch thick [0/+60)3s¢ specimens tailed in their outside plies
first, as shown in Figure 4.4. Notice that the failure mode for specimen A5 shows evidence of
kink band formation. Although other specimens may also have failed due to kink band
formation, the final condition of the specimens after testing prevented any conclusions about

the nature of their failure initiation.

Since testing was conducted under displacement (stroke) control, a tailure in the specimen
could be detected when the load experienced a drop while the displacement continued to rise.
Specimens Q35-9 and Q35-10 ([0/+60]3s5 stacking Sequence) were tested beyond the first load
drop in order to determine it higher strengths could be attained. Testing of specimen Q35-9
was stopped after the first load drop, the specimen was removed from the fixture for
examination, then returned to the fixture and reloaded until the next load drop. The second

load drop occurred at 86497 psi, below the compression strength of 93650 psi attained for the
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Figure 4.3 - Experimental compression relations for undamaged specimens, thickness
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SPECIMEN 35-11  [0/460]35, || SPECIMEN A5 [0/+45/90] 5

Compression Failed Specimen Compression Failed Specimen

Note: Photos not to same scale

Figure 4.4 - Typical compression failed specimens, [0/+45/90]255 and [0/+60]355
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first loading, suggesting that no additional load could be carried after the initial failure which
caused the first load drop. Specimen Q35-10 was loaded continuously after the initial load drop
until the failure extended through the thickness of the specimen. After the initial load drop at
92222 psi, further straining showed that the specimen was still capable of carrying load, but not
ot exceeding the compression strength reported at the first load drop. Therefore, it can be
concluded that the first significant load drop in [0/£60] type specimens corresponds to the

magnitude of the ultimate compression strength.

4.1.3 Grouped Stacking Sequence

The specimens with grouped stacking sequences failed at much lower loads, as shown in
Figure 4.5. An examination of the plot suggests that the [05/455/-455/905]ss specimens failed

at a lower load than the [05/605/-605)7s specimen. Although the cause of this will be discussed
further in Chapter 5, it is interesting to note the corresponding difference in compression failure

modes, as shown in Figure 4.6.

Specimen Q7-10, with the [05/605/-60s]7s stacking sequence, began failure at the outer plies
just as the other [0/£60] type specimens did. Likewise, the specimens with [05/455/-455/90s]ss

stacking sequences failed through the thickness, as did the other [0/£45/90] type specimens.
However, failure of the grouped [05/455/-455/90s]ss Specimens included fiber breaks in the 0°

plies at a 45° angle to the x-axis. The fiber breaks follow the same angle as the adjacent +45°
layers. As compression continued, the broken 0° plies shifted to the side in the width direction.
Failure is primarily in the form of extensive matrix cracks and fiber breaks, with no apparent

evidence of fiber kinking. Meanwhile, the specimen with a [05/605/-605)7s stacking sequence
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Figure 4.6 - Typical compression failed specimens, [05/455/-455/905]55 and

[05/605/-605]7s
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shows evidence of matrix cracks and delaminations in the outer plies but again no kink bands.

With this sequence, however, the 0° fibers do not break at any discernable angle.

4.2 Multiple Through-Thickness Delaminations

Specimens with interspersed stacking sequences and three point bend spans of 0.5 or 1.0
inches often exhibited an initial damage state consisting of short delaminations distributed
through the thickness (see Figure 3.2). Each delamination exists as part of a set that includes a
delamination, one or more matrix cracks, then further delamination. These delamination sets
occurred within each [0/£60] or [0/+45/30] ply set, but seldom crossed through the 0° plies. The
length of the delamination sets varied according to the three-point bend span, with the 0.5 inch
span yielding sets approximately 0.2 inches long and the 1.0 inch span giving sets
approximately 0.4 inches long. Different variations of delamination location, delamination
length, and matrix crack density gave different variations of a compression failure mode. This
initial damage state was quite similar to the impact damage documented in Refs. [19,22,23].
The initial three-point bend damage and resulting failure mode agree qualitatively with the

transverse shear failure mode documented by Williams and Rhodes [22], shown in Figure 2.8.

4.2.1 Compression Failure Modes

Eight specimens with multiple through-thickness delaminations were tested. The final

compression failure mode for each of these specimens can be described as a combination of
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symmetric, antisymmetric, and sublaminate buckling, as shown in Figure 4.7. The first
observed buckling shape is symmetric with respect to the loading axis and consists of both
faces of the specimen moving out from the midplane. The next buckling shape is antisymmetric
and actually looks much like the second buckling mode for a thin column with clamped end
conditions. Many specimens did not fail in either of these classifications uniquely, but instead
showed some portions, or sublaminates, which buckied separately. As illustrated by the
example in Figure 4.7, for some cases the center sublaminate did not buckle at all when the
other sublaminates gave way. In other cases, all of the sublaminates buckled simultaneously,
with some sublaminates appearing symmetric while others in the same laminate buckled in an

antisymmetric mode.

The compression stress-strain relations for the eight specimens with muttiple through-thickness
delaminations are shown in Figure 4.8. Rather than failing as separate sublaminates with
ditferent buckling loads, the entire laminate fails together, as exemplified by the abrupt drops in
the stress-strain relations. Only specimen Q20-3, with a [0/+60]20s Stacking sequence,
continues to carry load after failure. This appears in the stress-strain curve as a small increase
in the stress after the final load drop. All other specimens in this category lose all load carrying
capability at failure. The reduction in compression strength for specimens with multiple
through-thickness delaminations, when compared to undamaged specimens, ranges from 50%

to 75%, depending on the quantity and length of the delaminations.
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4.2.2 Failure of 48-Ply Specimens

The [0/+60]gs specimens with 0.5 inch spans show a clear example of antisymmetric buckling,
as seen in Figure 4.9. These two specimens, Q8-4 and Q8-8, contain delaminations of
approximately equal length distributed in such a way as to break the 48-ply laminate into 16
sublaminates containing between 2 and 3 plies each. At failure, these sublaminates fail
simultaneously to form an antisymmetric shape. Likewise, the [0/+45/90]ss specimens with 0.5
inch span lengths show a similar antisymmetric buckling shape. Again referring to Figure 4.9,
the initial damage and failure mode for specimen Q6-8, with a [0/+45/90]gs stacking sequence,
appears the same as for specimens Q8-4 and Q8-8. The actual failure stress is higher for Q6-8
because the [0/+45/90])ss specimens are divided into 12 sublaminates containing between 3
and 4 plies each rather than 16 sublaminates containing between 2 or 3 plies each for the

[0/+60]gs specimens. The failure stresses can be found in Figure 4.8.

The failure mode for specimen Q6-4, with a [0/£45/90]gs stacking sequence, looks slightly
different because the delaminations near the midplane do not extend all the way across the
width of the specimen. Examination of the edge replicas (not pictured here) reveals midplane
delaminations which appear only on one edge of the specimen with no apparent damage on the
opposite edge. The result is a failure mode which is actually made up to two antisymmetric
buckling shapes which occur at the same stress. For specimen Q6-3, with a [0/£45/90]6¢
stacking sequence and a 1.0 inch span length, the buckling mode is symmetric. Thus
comparing Figures 4.9 and 4.10, it can be concluded that short delaminations on the order of

0.2 inches long lead to an antisymmetric buckling mode while longer delaminations on the order
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of 0.4 to 0.6 inches long lead to a symmetric buckling shape. The compression strength is

lower for the longer delaminations with a symmetric buckling shape.

4.2.3 Failure of 120-Ply and 200-Ply Specimens

The next two stacking sequences discussed are [0/+45/90]155 and [0/£60]20s With 120 plies
each. Specimen Q15-3 can best be compared with specimen Q6-3 since both have a
[0/+45/90] type stacking sequences with a 1.0 inch span. As illustrated in Figure 4.8, these two
specimens do indeed have similar compression strengths. Referring to Figures 4.10 and 4.11,
note that the upper 90 plies of specimen Q15-3 behave much like specimen Q6-3 in that both
fail with a symmetric buckling shape. Specimen Q15-3 can be seen to split into two ditferent
buckling shapes around ply 90 where numerous matrix cracks occur. The lower portion of the
specimen, which contains slightly shorter delaminations, then buckles in an antisymmetric

shape.

The initial damage and failure mode of specimen Q20-3 with a [0/£60]20s Stacking sequence is
slightly different than the [0/+60] type specimens discussed earlier. Unlike the thinner
specimens, Q20-3 does not contain a delamination in every ply set, and the three-point bend
span is now 1.0 inches rather than 0.5 inches. Near the midplane of the specimen, there is only
one delamination for every two or three ply sets, as shown in Figure 4.11. This yields
sublaminates that range in thickness from 2 or 3 plies near the front and back faces, to a
maximum of 12 plies near the midplane. The failure mode for this specimen can thus be seen
as the sum of three parts. The front and back sections buckle symmetrically (symmetric
sublaminate buckling), as was noted previously for delaminations of this length and

approximate density. The section around the midplane, meanwhile, does not show any change
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Figure 4.11 - Initial damage and failure modes for specimens with multiple through-
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from its initial damage state. In addition to the different appearance of the failure mode, the
compression stress-strain curve is also different as seen in Figure 4.8. Unlike the other
specimens with muitiple through-thickness delaminations, specimen Q20-3 failed in distinct
steps. This can be attributed to the fact that the midplane section continued to carry load after

the front and back sections buckled separately.

For the thickest types of specimens, only the [0/+45/90]255 specimen with a 1.0 inch span
exhibited initial damage in the form of multiple through-thickness delaminations. It should be
noted that this specimen was part of a study which involved specimens with increasing amounts
of initial damage. The goal was to study the effects on increasing damage quantity on the final
compression strength. Of the five specimens tested with this stacking sequence and span, only
specimen A4 fit the classification of multiple through-thickness delaminations. Specimen A4
contained approximately one delamination every ply group with delaminations on both sides of
the centerline in the last 60 plies. The failure mode for this specimen, as shown in Figure 412,
appears as a combination of an antisymmetric buckling shape for the upper portion of the

specimen and a symmetric shape for the lower 60 plies.

Referring to Figure 4.8, the compression strengths for specimens Q15-3 and Q6-3 are quite
similar to the strength of specimen A4, all of which have [0/+45/90] type stacking sequences
and contain delaminations every 3 to 4 plies. This implies that the thickness of the
sublaminates, and not the thickness of the specimens, determines the value of the compression

strength for multiple through-thickness delaminations of similar length.
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4.3 Isolated Delaminations

Isolated delaminations tend to occur with three-point bend spans of 1.0 or 3.0 inches and
interspersed stacking sequences. The delaminations are isolated in that each set of
delaminations and matrix cracks is separated from other sets by several repeating ply units.
Each set is contained in a repeating ply unit of either [0/£45/90] or [0/£60] plies, without
crossing through the 0° plies. These delamination sets divide the original specimen into one of
two possible patterns. First, delaminations may occur dispersed though the thickness creating
two or more unsymmetric sublaminates of similar thickness. Alternately, these delaminations
may occur near the surface and thus divide the laminate into one or more thin unsymmetric
sublaminates and a significantly thicker base laminate. These two different patterns result in

distinctly different failure modes.

4.3.1 Compression Failure Modes

Of the nine specimens tested with isolated delaminations, four had delaminations near the
surface and five had delaminations dispersed through the thickness (far from the surface).
When a delamination occurs near the surface, causing the specimen to behave like a thin
sublaminate and a base laminate, the specimens tend to fail by sublaminate buckling. After
failure of the sublaminate, the base laminate remains relatively intact and is capable of carrying

additional load. By contrast, failure of the specimens with delaminations far from the surtace
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occurs abruptly with a complete loss of load carrying capability. The failed specimen often
appears in two parts divided by a delamination which propagated to both ends of the specimen.
The difference in failure modes suggests that different mechanisms may govern the

compression failure depending on the location of the delaminations.

4.3.2 Delaminations Far From the Surface

The compression stress-strain relations for the five specimens with delaminations near the
midplane are shown in Figure 4.13, while their damage states prior to compression testing are
shown in Figures 4.14 and 4.15. Examining the 48-ply specimens first, note that specimens
Q8-3 and Q8-7, with [0/+60]gs stacking sequences, differ only in the location of their
delaminations with respect to the specimen thickness. Specimen Q8-3 contains
twodelaminations which divide the laminate into three sublaminates. The two outer
sublaminates are unsymmetric while the center sublaminate is nearly symmetric. Specimen
Q8-7 meanwhile is divided into just two unsymmetric sublaminates of roughly equal thickness.
However, an examination of Figure 4.13 reveals that these two specimens failed at roughly the

same stress. Specimen Q6-7, with its [0/£45/90]gs stacking sequence and two delaminations,

also failed at roughly the same stress.

Turning attention to the 120-ply specimens Q15-6 and Q15-2, with [0/+45/90]15¢ stacking, note
that both contain delaminations near the midplane. The main difference between the two is the
addition of matrix cracks in the first 12 plies of specimen Q15-6. Although the relations shown
in Figure 4.13 do not make it explicitly clear, these thicker specimens experience two load
drops prior to failure. By stopping specimen Q15-6 after each of these drops, it was determined

that the drops are due to failure of the first 12-16 plies. After the first drop, the first three 0°
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layers had failed due to broken 0° fibers. The second load drop occurred after the next two 0°
plies failed. However, like the 48-ply specimens, final failure occurred abruptly and completely
and at approximately the same stress as all the other specimens with delaminations far from
the surface. The reduction in compression strength associated with localized fiber breaks in the

first 0° ply, and delaminations far from the surface, was approximately 20%.

4.3.3 Delaminations Near the Surface

The compression stress-strain relations of four different specimens with delaminations near the
surface are shown in Figure 4.16. Specimen Q15-7, with a [0/+45/90}15¢ stacking sequence
and 1.0 inch span, contains a delamination after the eighth ply, as shown in Figure 4.17. When
tested in compression, a load drop corresponding to failure of the first eight plies occurred at a
stress of 54793 psi. Specimen Q20-7, with a [0/+60]2¢s stacking sequence and 1.0 inch span,
contained a delamination after the twelfth ply. The load drop it experienced at 69114 psi
corresponded to the failure of the first 12 plies. Following this developing trend, specimen Q35-
2, with a [0/+60]3s¢ Stacking sequence and a delamination after the first 15 plies, experienced a
drop in load at 83206 psi. This corresponded to the failure of the first 15 plies. Specimen Q35-
6 had the same damage near the surface as specimen Q35-2, a delamination after the fifteenth
ply. The first load drop occurred at 83986 psi, very close 10 the stress at load drop for
specimen Q35-2. Unlike the specimens with the delaminations far from the surface, these
specimens tend to follow the trends suggested by a sublaminate buckling theory. That is,
thinner sublaminates fail as a result of buckling at lower loads than thicker sublaminates. All

four specimens were capable of carrying additional loads following this initial load drop.
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Notice (Figure 4.17) that the 15-ply sublaminates of both Q35-2 and Q35-6 contain matrix
cracks and very short delaminations between the main delamination and the surface, which
may have reduced the load at which their first failures occurred. Although specimen Q35-2
contains an additional delamination near its midplane when compared to specimen Q35-6, the
delamination near the surface caused failure of the outer plies. Based on this observation, an
examination of Figure 4.18 allows some comment on the interaction of isolated delaminations.
Although the form of the compression stress-strain relations appear similar, specimen Q35-2,
with a delamination at the midplane and another near the surface, fails at a lower stress than
specimen Q35-6, with only a delamination near the surface. However, this difference is

minimal.

4.4 Damage Near the Surface

Thick specimens and specimens with three point bend spans of 5.5 or 3.0 inches have damage
that is generally restricted to the outermost plies of the laminate. Damage is located either in
the first plies under the three-point bend loading nose or the last plies at the support points.
The damage may be either balanced with respect to the load nose (damage on both sides of
the centerline), or unbalanced (all damage on one side of the centerline). The form of damage

also varies to include different combinations of matrix cracks, delaminations, and fiber breaks.
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4.41 Compression Failure Modes

Of the twelve specimens tested with damage near the surface, eight contained balanced
damage at both the load and support points and seven had unbalanced damage only at the load
nose. Five of the seven unbalanced specimens had broken 0° fibers while all other specimens
had only delaminations and/or matrix cracks. However, the compression failure modes varied

not according to the specifics of the damage but according to the thickness of the specimens.

Except for the 48-ply, 0.24 inch thick specimens, failure of the initially damaged plies occurred
prior to catastrophic failure. As loading progressed, the 120-ply, 0.60 inch thick specimens
eventually failed completely with damage extending through the thickness of the specimen.
The specimens with thicknesses of 1.0 inches or more and 200 or 210 plies, however,
continued to fail from the outermost plies to the innermost. These thickest specimens never
achieved loads significantly greater than the load at the first large load drop that occurred with
the failure of the initially damaged plies. Testing was stopped for most of these specimens

before catastrophic failure, leaving a base laminate still capable of carrying some load.

4.4.2 Failure of 48-Ply Specimens

The thinnest of the specimens tested, those with 48 plies and [0/£45/90]gs OF [0/£60]as
stacking sequences, exhibited a unique initial damage mode for three-point bend spans of 3.0
and 5.5 inches. Damage is apparent under the load nose in the form of a crack across the width
of the specimen which is visible from the upper surface. This crack is due to broken 0° fibers in

the first layer beneath the load nose. Specimen Q8-1 (Figure 4.19), with a [0/+60]gs stacking
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sequence, contains this crack while specimen Q8-6 also contains a delamination beneath the
damaged 0° ply. The x-rays of the initial damage contain this type of crack in addition to a distinct
pattern of diagonal lines at angles of +60°, as shown in Figure 4.13. All of the specimens cut
from panel Q8 contain this same diagonal line pattern, although no matrix cracks can be
discerned from the edges of the specimens. However, the specimens appear to have a very
high quantity of voids (as indicated by the edge replicas) which may be so extensive as to cause
the diagonal lines. The compressive strength of specimen Q8-6 is seen to be slightly lower
than the strength of specimen Q8-1 (Figure 4.20) due the the additional delamination in

specimen Q8-6.

Specimens Q6-5 and Q8-6, with [0/+45/90]gs Stacking sequences, contain small cracks in the
last few 90° plies on the tension side of the specimens in addition to the tiber breaks in the first
0° plies, as shown in Figure 4.19. After the cracks reach a critical density, they connect together
not as delamination but within the plies in the x-direction. As indicated by the x-ray of specimen
Q6-6 in Figure 4.19, the matrix cracks do not traverse the width of the specimen. Since the
failure stress for these specimens (Figure 4.20) is consistent for the 0° fiber damage alone, it is
believed that these cracks actually appear only on the edges of the specimens. It is also

interesting to note that specimens with both stacking sequences, [0/£45/90]¢s and [0/£60]gs.

fail at approximately the same stress.

4.4.3 Failure of 120-Ply, 200-Ply, and 210-Ply Specimens

Specimens that have thicknesses of 1.0 inches or greater with a 1.0 inch three-point bend span
contain initial damage which is balanced about the centerline at the load nose and support

points. Specimens from panel A, with a [0/+45/90]25 stacking sequence, were loaded under
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Figure 4.20 - Experimental compression relations for specimens with damage
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three-point bending to different load levels all with the same span, as listed in Table 4.1. This
was done to study the effects on compression strength of increasing amounts of initial damage.
Specimen A4 has initial damage in the form of multiple through-thickness delaminations and is
therefore discussed in Section 4.2.3. The resulting initial damage form for specimens A1, A2,
A3, Q25-7 and Q35-7 is a combination of matrix cracks and delaminations as shown in Figures
4.21 and 4.22. This initial damage state is similar to the multiple through-thickness delamination
classification in that the delaminations are on the order of 0.4 inches long. However, specimens
with damage near the surface do not have delaminations that continue through the thickness of
the specimens. As a result, these specimens experienced numerous small load drops prior to
the end of testing. By stopping some of the tests for closer examination, this effect was
attributed to the failure of small groups of plies at both of the outer faces of the specimens (front
and back), similar to sublaminate buckling. A significant portion of each specimen remained

intact after the outer ply failures, suggesting that further compressive loads could be carried.

By examining Figure 4.23, it can be seen that additional loading of specimens Q25-7, Q35-7,
and A3 beyond their initial load drops did not result in significantly greater compression
strengths. After the first load drop, load increases and falls off to form a sawtooth pattern, but
the load never rises significantly above the level of the first peak. Specimens with both the
[0/+60]35s and [0/+45/90]2ss stacking sequences experienced similar initial damage states and
final failure modes. The number of plies initially damaged caused an ordered reduction in
compression strength, with a higher number of damaged plies causing a lower compressive

strength.

Specimens on the order of 1.0 inches thick with three-point bend spans of 3.0 inches,
exhibited a similar but less extensive damage pattern than the thick specimens with 1.0 inch

spans. Specimen Q35-6, with a [0/£60]3ss stacking sequence, has delaminations and matrix
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Table 4.1 - Three-point bend loading levels for panel A specimens,

{0/+45/90]25s
Specimen Stacking Sequence Applied 3-Point Bend Loads ]
(Ibs)
A1 [07+45/90)25 18045
A2 [0/+45/90]o5¢ 20047
A3 [0/£45/90)255 22009
A4 [0/+45/90]255 23965
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Figure 4.21 - initial damage for balanced damage near the surface,

[0/£+45/90]25s
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Figure 4.22 - Initial damage and falled specimens for balanced damage near

the surface, [0/+45/90]255 and [0/+60)355
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Figure 4.23 - Experimental compression relations for specimens with balanced

damage near the surtace, [0/+45/90]25s and [0/+60]35s
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cracks on one side of the centerline under the three-point bend load nose, as shown in Figure
4.24. Specimen Q25-6, shown in Figure 4.25, has the same type of initial damage as specimen
Q35-6 but with a [0/£45/90]25¢ stacking sequence. No damage was visible at the support
points for either specimen. By comparison of the compression stress-strain relations in Figures
4.26 and 4.23, it can be seen that the less extensive damage in specimen Q25-6 and Q35-6
resulted in higher compression strengths than for specimens Q25-7 and Q35-7. Also, loading
proceeded relatively smoothly with few load drops prior to the end of testing, uniike the
specimens with damage at both load and Support points which experienced several small load

drops throughout the loading procedure.

The other specimens of Figure 4.26 contain fiber breaks in addition to delaminations and matrix
cracks on one side of the centerline under the load nose. These specimens, Q20-5, Q15-10,
Q25-5, and Q35-5, are shown in Figures 4.24 and 4.25. The specimens all have three point
bend spans which are long when compared to their thicknesses. Fiber breaks occur in the 0°
plies beneath the load nose but slightly to one side of the centerline. Examination of Figure
4.25 shows that the failure mode for a specimen with (Q25-5) and without (Q25-6) fiber breaks is
approximately the same. The compression strength of specimens with fiber breaks is slightly
less than the strength of those specimens without fiber breaks, as can be seen by comparing

the strengths of specimen Q35-5 with Q35-6 and specimen Q25-5 with Q25-6 in Figure 4.23.

For those specimens with fiber breaks, the compression strength generally decreases as the
percentage of damaged plies to undamaged plies increases. Specimen Q35-5 cannot be
directly compared to the others because the delaminations it contains are much longer than in
the other specimens, thus causing a compression strength lower than might be expected from

the tiber breaks alone.
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SPECIMEN Q15-10 [07+45/90]15s SPECIMEN Q20-5 [07+60]20s
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Initial Damage Initial Damage
SPECIMEN Q35-5 [0/+60]a5s SPECIMEN Q35-6 [0/£60]35s
- 5.5" I | | —-— 3.0 —
initial Damage Initial Damage

Figure 4.24 - Initlal damage and failed specimens for unbalanced damage near

the surface, [0/+60]20s, and [0/£60]3ss

Chapter 4: Experimental Results 95



SPECIMEN Q25-5

Compression Failed Specimen

SPECIMEN Q25-5 [0/+45/90)>55 SPECIMEN Q25-6 [0/£45/90]255
—
%
- 5.5" I | | - 3.0" e
Initial Damage Initial Damage
[0/+45/90]>s SPECIMEN Q25-6 [0/£45/90]255

Compression Failed Specimen

Figure 4.25 - Initlal damage and falled specimens for unbalanced damage near

the surface, [0/+45/90]25¢
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Figure 4.26 - Experimental compression relations for specimens with

unbalanced damage near surface, [0/+45/90]1s5s, [0/+45/90]25s,
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4.5 Grouped Ply Stacking Sequences

Two types of specimens with grouped stacking sequences, [05/455/-455/905]5s and
[05/605/-605]7s, were tested. Unlike the other specimens studied with interspersed stacking
sequences, several plies of the same orientation were stacked together. Specimens were cut
from three different panels with differences in layer compaction and initial matrix crack density
due to differences and the manufacturing and curing procedures. The initial damage achieved
atter three-point bending includes a variety of modes depending on the span. Although the
initial damage modes are somewhat similar to the modes noted in the interspersed stacking
sequences, the compression failure modes are markedly different. However, regardless of the
initial damage, the specimens with grouped stacking sequences tend to fail with approximately

the same compression failure mode for all specimens of a given stacking sequence.

4.5.1 Initial Panel Differences

Specimens obtained from two different panels with a [05/45s5/-455/905]5s stacking sequence
were tested. The first panel was part of the original study on three-point bending, and had a
panel thickness of 1.0 inches with each ply approximately 0.005 inches thick. The second
panel was manufactured at a later date, and has an overall thickness of 1.07 inches. This
second panel, labeled B, contains matrix cracks from the manufacturing cycle with a density
along the length of 6 per inch in the center 90° plies. The first panel, labeled Q5, contains matrix

cracks with a density of only 1 per inch. Panel Q7, with a [05/60s/-60s]7s stacking sequence,
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has 0.005 inch thick plies and no evidence of initial matrix cracks from the manutacturing

process.

4.5.2 Compression Failure Modes, [05/455/-455/905]5s

Regardless of the panel from which the specimens were taken, and independent of the initial
damage mode, compression failure for [05/455/-455/90s]ss type specimens was catastrophic
with failure extending through the entire thickness of the specimen. Failure includes extensive
matrix cracking in the +45° layers. The cracks in the +45° layers appear to continue into the
adjacent 0° plies, causing the 0° fibers to break along a 45° angle. The 0° plies are then shifted
in the width direction, as explained in Section 4.1.3 in the discussion about undamaged

specimens.

The effect of damage near the surface for panel B, with the higher density of initial matrix cracks,
is shown in Figure 4.27. These specimens were all tested in three-point bend with a span of 1.0
inches. Panel B specimens were loaded to different three-point bend load levels in order to
obtain different amounts of initial damage. These load levels are listed in Table 4.2, while the
resulting initial damage can be seen in Figure 4.28. Specimens B2, B3, and B4 all have nearly
the same compression strength even though the amount of damage is slightly greater tor
specimen B4. Specimen BS has a slightly lower compression strength, corresponding to matrix
cracks in one additional ply group beyond that in specimen B4. Likewise, specimen B6 has an
even lower compression strength corresponding to a further increase in the amount of initial
damage. Allfive B panel specimens, with three-point bend induced initial damage, show a small
but significant reduction in compression strength below the compression strength of

undamaged specimens.
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Figure 4.27 - Experimental compression relations for B panel specimens,

[05/455/-455/905]5 g
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Table 4.2

- Three-point bend loading levels for panel B specimens,

[05/455/-455/905]5s

Specimen Stacking Sequence Applied 3-P(cl>ti)nt) Bend Load
s
B2 [05/455/-455/90s]s5s 11883
r B3 [05/455/-455/90s]55 13632 “
B4 [05/455/-455/905]55 15072
B5 [05/455/-455/905]5s 16602
B6 (05/455/-455/905]5s 18148
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Figure 4.28 - Inltial damage for B panel specimens, [05/455/-455/905]5 ¢
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The compression stress-strain relations for specimens with similar initial damage states, but cut
from panel Q5 with a [05/455/-455/905)s5s stacking sequence, aré shown in Figure 4.29. The
initial damage states are shown in Figure 4.30. The initial damage in specimen Q5-8 is
essentially the same as that in specimens B2 and B3 with the exception of the initial matrix
cracks that appeared at the center of the B panel specimens. The compression strength of
specimen B2 is lower than that of Q5-8, as can be seen in Figure 4.29. This can be attributed to
the corresponding difference in undamaged compression strengths for the two panels due to

the initial matrix crack density.

Both initial and final stress-strain relations for specimens Q5-8 and Q5-9 are shown in Figure
4.29. The initial relation was obtained by stopping the loading to observe the damage that
occurred atter the first load drop, as explained in Chapter 3. The specimen was returned to the
fixture and reloaded to obtain the final loading relation. Specimen Q5-9 is very similar to
specimen Q5-8 except that the initial damage for specimen Q5-9 is concentrated closer to the
centerline due to the 0.5 inch three-point bend span. An examination of the specimens
stopped after the first load drop reveals an increase in the number of matrix cracks in the center
plies. Additionally, edge replicas taken after the first load drop show broken 0° fibers in the first
ply group, which is probably the cause of the load drop. Correspondingly, the slopes (and
therefore stiffnesses) of the final compression loading relations for Q5 panel specimens are
more in line with the slopes of the B panel specimens. The difference in damage location

between specimens Q5-8 and Q5-9 appears t0 have no effect on the compression strength.

Specimens Q5-4 and Q5-7 have damage which continues through the thickness of the
specimens, as shown in Figure 4.31. At first glance, this damage appears to be the same as the
mutltiple through-thickness delamination classification encountered in interspersed stacking

sequences and discussed in Section 4.2. However, the damage in the grouped ply specimens
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Figure 4.29 - Experimental compression relations for grouped ply specimens
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Figure 4.30 - Initial damage and failed specimen for grouped ply specimens

with matrix cracks near the surface, [05/455/-455/905]5 8
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Figure 4.31 - Initial damage and x-rays of Initlal damage for grouped ply
specimens with damage through the thickness,
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contains predominantly matrix cracks with few delaminations. Additionally, the failure mode for
all of the [05/455/-455/905]ss specimens looks like the photo of specimen Q5-8 shown in

Figure 4.30, which is quite different than the failure mode of specimen A4 ([0/+45/90]25s

stacking sequence), shown in Figure 4.12.

Examination of the x-rays taken after three-point bend lead to an additional observation about
the difference between the specimens Q5-4 and Q5-7. Specimen Q5-4 has damage which is
balanced with respect to the centerline, while specimen Q5-7 has damage which is
concentrated on one side of the centerline only. As expected, the compression strength of
specimen Q5-4 is much lower than the undamaged strength for panel Q5, as shown in Figure
4.32. However, specimen Q5-7 does not show as great a reduction. Perhaps this is due to the
unbalanced nature of the initial damage, although one specimen is not enough on which to

base such a conclusion.

The final specimen from panel Q5 is specimen Q5-6, shown in Figure 4.33. The initial damage
for this specimen is concentrated at the midplane and back face. The midplane of the specimen
has a large matrix crack/delamination combination that continues throughout the unsupported
gage length of the specimen. The back face has a series of tension cracks in the 90° ply, some
of which are connected along the edge in the length direction. As illustrated in Figure 4.32, the
initial slope of the compression failure relation for this specimen is notably different than the
slope for the other Q5 specimens. This may be due to the lower number and density of matrix
cracks in the initial damage state. Again, one specimen is not enough from which to draw

significant conclusions.
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Figure 4.33 - Initial damage and x-ray of Initial damage for grouped ply

specimen with damage at the midplane, [05/455/-455/905]5 5
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4.5.3 Compression Failure Modes, [05/605/-605]7¢

Panel Q7 has a stacking sequence of [05/60s/-605]7s. Both the undamaged compression
strength and the subsequent compression strength of initially damaged specimens is higher
than that reported for the [05/455/-455/90s]55 specimens. Additionally, the compression failure
mode for the [05/605/-605)7s type specimens consisted of damage restricted to the first and last
ply groups. This compression failure mode was consistent for all four of the specimens tested

from this panel, including the undamaged specimen.

Specimens Q7-2 and Q7-6 have essentially the same initial damage state and compression
strength. The compression strength is shown in the compression stress-strain relations of
Figure 4.34 and the initial damage is shown in Figure 4.35. Initial damage consists of matrix
cracks in the plies near the midplane, a few matrix cracks under the load nose, and tension
matrix cracks in the last ply group near the back face. In specimen Q7-6, the last ply group also
contains a number of delaminations. Both specimen compression tests were stopped after the
first load drop and the specimens were examined for new damage. This examination revealed
that 0° fibers had broken in the first and last ply groups of both specimens. The different slope
for the final loading relation of specimen Q7-2 can be attributed to an increase in the number of

midplane matrix cracks after the first compression loading.

Specimen Q7-7, shown in Figure 4.35, had a three-point bend span of 1.0 inches with initial
damage restricted to the first 15 plies. However, the compression strength is significantly
higher than that reported for the [05/455/-455/905]55 specimens with similar initial damage
states (specimens Q5-8,Q5-9, B2, B3, and B4). The reduction in strength due to this type of

initial damage is approximately the same for both grouped ply stacking sequences, ranging from
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Figure 4.34 - Experimental compression relations, grouped ply specimens
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a 12% to 17% reduction. Note also the difference between the initial slope of Q7-7 and the
initial slopes of the other Q7 specimens. This difference (increased stiffness) is likely due to the
lack of midplane matrix cracking in specimen Q7-7. When the specimen was stopped and

examined after the first load drop, the 0° fibers in the first and last ply groups were damaged.
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Chapter 5
Numerical Analysis

There is a wide body of literature on the analysis of initially damaged composites, including
numerous techniques to predict compression failure. The failure of the specimens that are
tested in the present study can be explained in part through qualitative comparison with
published literature. For example, the specimens with damage near the surface failed primarily
due to sublaminate buckling. This phenomenon has been studied extensively for both
through-the-width delaminations [21,31,32,34,36] and embedded delaminations [26,33,36-
39]. Multiple through-the-thickness delaminations typically occur during impact events [18-
20,22-25]. This type of initial damage has been of recent interest in studies by Davidson
(29.39], Dost, et al. [37], licewicz,et al. [38], Avery [26], and Lee, et al. [40]. Because analysis
for these two types of damage is already available, and because each represents a significant
body of research, additional analysis of these failures is not included here. However, the effect
of isolated delaminations far from the surface cannot be thoroughly explained using
sublaminate buckling theory since the sublaminates are no longer thin, and therefore are less

prone to failure by buckling. Likewise, compression failure of laminates with grouped ply
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stacking sequences and matrix cracks cannot be described by current sublaminate buckling
techniques from the literature, which neglect laminate edge effects. A linear static, 2-
dimensional finite element analysis to predict compression failure of specimens with isolated
delaminations is presented in the next section. The same finite element analysis is also used to
explain the discrepancy in compression strengths between interspersed and grouped stacking
sequences. Effects of the compression fixture are included when possible, with additional

information available in reference [2].

5.1 Finite Element Analysis

A 2-dimensional finite element code developed at Virginia Tech was used to conduct analyses
of specimens with isolated delaminations and specimens with grouped ply stacking sequences.
The program, called CLFE2D [41], uses a generalized plane strain assumption with

displacements given by:

u(x,y,z) = Uly.2) + &x° X

v(x,y.z) = V(y.z)

w(x,y,z) =W(y,2) (5.1)

The term €x° represents the applied normal (axial) strain and the terms U(x.y), Vix.y), and W(x.y)
represent the unknown nodal displacements. The generalized plane strain assumption restricts
all quantities except axial displacement to be independent of the axial coordinate x. The global

coordinates x, y, and z along with the fiber coordinates 1, 2, and 3 are shown in Figure 5.1. The
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z,3

Figure 5.1 - Coordinate axes as defined for finite element analysis
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program uses 4-node quadrilateral elements. The details of the finite element formulation can

be found in reference [42].

The stress output was modified to give stresses at the Gauss quadrature points. Output in the

torm of deformed shapes (displacements) and stresses were examined using PATRAN.

5.1.1 Stiffness Matrix Modification

The values of the material properties required by the finite element code were obtained from
reference [1] and are listed in Table 5.1. The properties are used for calculation of the stiffness
matrix Cjj (of equation 5.2) which relates fiber coordinate stresses and strains for an orthotropic
material. !n order to simulate initial damage, the code was modified to allow for different
stiffnesses at each gauss point. By reducing the stiffnesses at distinct locations and in
specitied directions, the model can simulate the stiffness approximately as though damage

were present.

14 i Ch C2Cis 0 0 O ] r €11 \

Co2 Ci2 Cx» Cxn 0O 0 0 €20

O33 Ci3 Cx3 Cxz 0 0 O €23 }

| | 0 0 0 CuO 0 * Yz

T3 0 0 0 0 GCs 0 Yai

t,] L o 0 0 0 0 Ce._ \ 12 | 5.2)

For example, in order to represent broken tibers, C11 , C12, C13, Css, and Ceg are set equal to

zerotoyield O11=131=T12=0.
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Table 5.1 - Material propertles for AS4/3501-6 as obtained from Starbuck et

al.[1]
AS4/3501-6 Material Properties
Eq 21 Msi
Es 1.5 Msi "
E3 1.5 Msi I
Gio 0.8 Msi
Gia 0.8 Msi
Gog 0.4 Msi
V12 0.3
S
V23 0.55
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( 0 \ "o 0o o 0 0 0 |f &
C22 0 Cp Cx 0 0 O €2
Oaa 0 Cx Cx 0 0 O €33
< Toa [ 0 0 Cu 0 O Y
0 o 0 0 0 0 O Ya1
\ 0 J L o 0o 0 0 0 0 | \m (5.3)

Delaminations are represented by setting C13, Co3, C33, C44, and Css equal to zero to yield

O33 =131 =T23=0.

G ] Chy C20 0 0 O ] €14 \

GC22 Ci2 Cppn O 0 0 O €z

0 0 O 0 o o0 O €a3 $

o (7| o o o o0 0 O Y2

0 o 0 0 0 0 O Ya1

T2 L 0 0 0 0 0 GCe | \ Y12 } (5.4)

This stiffness reduction method was also utilized by Ozden and Engblom [43].

5.1.2 Failure Criteria

Stress-based failure criteria were included in the program to check for compression failure at
each Gauss point. One of the criteria used was developed by Hashin [44] to predict matrix
tension failure. When a specimen is loaded in compression, the matrix experiences tension

stresses due to the Poisson effect. Hashin's failure criterion is given by

—15-(622 +Oa)f +l2{1223 + T+ 15 - 0'220'33) 21
s S (5.5)

where Yt is the maximum tensile strength perpendicular to the fibers (in the 2-direction) and S is

the maximum shear strength. Strength values used in this analysis were obtained from
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Hercules [45]. The value for the maximum shear strength is obtained by averaging the
strengths from the 0° short beam shear test and the inplane +45° tensile shear test.

Yy = 7.8 ksi

S =15.0ksi
A maximum stress failure criterion was used to predict compression failure in the 0° plies. The
value used for longitudinal compression strength was obtained from Hercules [45] as

Xc =250 ksi

Failure was predicted whenever Gy > X .

5.2 Isolated Long Delaminations

Specimens with initial damage described as isolated long delaminations were discussed in
Section 4.3 of Chapter 4. The goal of the analysis presented in this section is to understand the
failure mechanisms of those specimens with delaminations far from the surface, when

sublaminate buckling is no longer a failure mode.

Analysis is conducted using the two-dimensional finite element program described previously.
The cross section of the specimen chosen for the model and the applied boundary conditions
are shown in Figure 5.2. The model includes the entire length of the specimen and is
symmetric with respect to the midplane. The mesh includes one element per layer and 200
elements along the length of the specimen. Layers are assumed to be 0.005 inches thick.
Boundary conditions are applied for symmetry, to represent the compression fixture, and to

apply a constant displacement to one end of the model. The initial modelling of a delamination
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Yy

v = constant

length = 6.0 in. element size: 0.03 by 0.005 in.

boundary conditions - delaminated specimen €Q=0

v = constant v=0

element size: 0.03 by 0.005 in.

length = 6.0 in.

Figure 5.2 - Model and boundary conditions for isolated long delaminations
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at the midplane was accomplished by removing the symmetry boundary condition for the center

1.44 inches of the model.

An outline of the deformed mesh (displacements are scaled 20 times) and a more detailed view
of the region of the undamaged specimen at the edge of the grips is shown in Figure 5.3.
Analysis results indicated that the highest stress occurred in the 0° layer closest to the edge of
the grips. This compares qualitatively with the experimental results, which show failure initiating
at the grips. This failure location also concurs with the results of Camponeschi[2]. The strain at
failure according to the maximum stress failure criterion is 10470 microstrain (u), which is
significantly below the average failure strain of 17686 u found experimentally. However, the
tinite element program used was linear, and a close examination of the plots in Chapter 4
suggests that the compression loading is not linear. Therefore, failure strains for damaged
specimens will be normalized according to the undamaged failure strains for either analysis or
experiments, respectively. That is, analysis strains are normalized by 10470 u, and

experimental strains are normalized by 17686 .

5.2.1 Effect of Delamination

The model for a specimen with a midplane delamination is shown in Figure 5.2. The results from
this model were kinematically inadmissible, as shown in Figure 5.4, indicating that the
delaminated surfaces crossed over each other. Therefore, a second numerical analysis was
conducted with the same boundary conditions as the undamaged specimens, but with reduced
stiffness (Cy3, Ca3 ., C33, C44, and Css) in the elements along the bottom of the model
according to equation 5.4. This simulated delamination was the same length as the

delamination created with boundary conditions. The more acceptable deformed mesh from this
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UNDAMAGED SPECIMEN deformed shape

r e

_

deformed mesh at edge of grips

i

1
[07£45/90)gs  applied Eyp = 10470 microstrain

[0/160] g applied €yt = 10470 microstrain

(displacements scaled by a tactor of 20)
« indicates failure location

Figure 5.3 - Analysis resuits for undamaged, 48 ply specimens
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DELAMINATED SPECIMEN

deformed shape
[ ]
deformed mesh at edge of grips
1
—
[0/+45/90] ¢, applied €y, = 10526 microstrain l’_“es*"cmsses
. , . ine o

[0,4_.60]85 applied €,y = 10526 microstrain symmetry
SIMULATED DELAMINATION deformed shape
[ ]

&

deformed mesh at edge of grips

»s

[0/+45/90] gs applied g, = 10582 microstrain
[07£60] g applied €, = 10638 microstrain

(displacements scaled by factor of 20)
* indicates failure location

Figure 5.4 - Analysis results tor 48-ply specimens, delamination at midplane
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model is shown in Figure 5.4. Although both delamination models gave very similar failure strain

results, neither model indicated a loss in failure strain as seen in the experiments.

Pavier and Chester [29] noted a similar result using a two-dimensional finite element analysis.
They noted that an unsymmetric sublaminate, created when a symmetric laminate delaminates,
did not experience significant deflection. Although the unsymmetric laminate has bend/stretch
coupling effects, these effects were suppressed by the clamped specimen boundary

conditions. Without significant deflection, no loss in failure strain was observed.

5.2.2 Effect of Broken 0° Fibers

Careful examination of initial damage states in the specimens indicated the presence of damage
in addition to the isolated delaminations. Fibers were broken in the first 0° ply under the load
nose of the three-point bend fixture. The effects of this type of damage were examined using a
model similar to that for the undamaged specimen, but with the addition of a simulated broken
fiber at the top center where the experiments indicated fiber breaks. The simulation was

accomplished using equation 5.3.

Deformed mesh results are shown in Figure 5.5. The failure strain for the model with a damaged
0° ply was significantly lower than for the undamaged case. Also, the location of the failure was
no longer at the edge of the grips, but instead in the next 0° ply below the failed ply. An
additional analysis was conducted using a model with simulated fiber breaks in the first two 0°
plies to determine if failure would progress. The failure strains for two failed 0° plies were lower

than for the one failed ply case, indicating that failure would progress through the thickness of
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FIBER DAMAGE, LAYER 1 deformed shape
il

C
&

broken 0° fibers

J
A
e

-
L]
~1+——4—4
-

4

[0/1*45/90]6S applied €,; = 9569 microstrain

deformed shape
]

FIBER DAMAGE, LAYER 1

C
&

broken 0° fibers

\ \FW

9884

e N

[0/i60]85 applied €, = 8264 microstrain

(displacements scaled by factor of 20)
* indicates failure location

Figure 5.5 - Analysis results for 48 Ply specimens, broken fibers first 0° ply
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the specimen without additional applied displacement. The results for this second case can be

seen in Figure 5.6.

Although the broken 0° fibers seemed to be the cause of the reduced tailure strain,
experimental results indicated a similar failure strain for both [0/+60] and [0/£45/90] type
stacking sequences, while analysis results showed a difference. Therefore, analysis was
conducted using models with both broken 0° fibers and a simulated delamination at the
midplane. The addition of the midplane delamination only increased the difference between
the stacking sequences, as shown in Table 5.2. Experimental observation suggests that a fiber
break in the first 0° ply initiates a delamination between that 0° ply and the layer directly beneath
it. Since the available set of point stress failure criteria are incapable of predicting failure by

delamination initiation, this phenomenon could not be verified.

However, a delamination could be simulated beneath the fiber break using equation 5.4. Fora
very short delamination, 0.09 in., the failure strains for both stacking sequences were found to
increase, but by differing amounts. Final models were evaluated with all three initial damage
components, the broken fibers, the delamination beneath the 0° layer, and a simulated
delamination at the midplane. Resulting failure strain show only a small difference between
stacking sequences, which would not be detectable in the experimental results. All of the

numerical results are summarized in Table 5.2.

The experimental results for those specimens with fiber breaks in the first 0° layer and/or
isolated long delaminations are shown in Table 5.3. Normalized failure strains for the final
analytical model and the experimental results agree fairly well. The reduction in failure strain,

and therefore failure stress, can be attributed primarily to the presence of fiber damage in the
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FIBER DAMAGE, LAYERS 1 AND 5§ deformed shape
_
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broken 0° fibers

0 T 1
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[0/:45/90]65 applied g,,; = 8733 microstrain

deformed shape

]

FIBER DAMAGE, LAYERS 1 AND 4

L
44?’/'

broken 0° fibers

I 1
\

BEREEE

Wil

—

2884484

[0/1-60]85 applied €, = 8163 microstrain

(displacements scaled by factor of 20)
* indicates failure location

Figure 5.6 - Analysis results for 48-ply specimens, broken fibers two 0° plies
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Table 5.2 - Analysis results for 48-ply specimens,

[(0/+45/90]¢s and [0/£60]g s

et

Damage Description

[0/£45/90]6 s

Normalized Fallure Strain Normalized Failure Strain

[0/+60]gs

delamination at midplane 1.0
“ simulated delam. at midplane 1.0
“ broken fiber, first 0° layer 0.91 0.79 I
broken fibers, first and second 0.83 0.78 ]
0° layers
broken fiber, first 0° layer 0.88 0.75
simulated delam. at midplane
( broken fiber, first 0° layer 0.91 0.83 ‘
delamination after first 0° layer l
. . o
broken fiber, first 0° layer 0.85 0.78

delamination atter first 0° layers

simulated delam. at midplane

|
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Table 5.3 - Experimental results for 48-ply and 60-ply specimens,

(0/+45/90]¢s, [0/+45/90)15g, and [0/+60]g g

Q8-7  [0r+60]gs

Damage Description

delamination at midplane

Normalized Fallure Straln

0.83

Q15-2 [0/+45/90]455

delamination at midplane

0.86

Q15-6 [0/+45/90] 155

delamination at midplane

matrix cracks under load nose,

first 4 ply groups

0.90

Q6-7 [0/+45/90]gs

delamination at midplane
delamination 12 plies from
bottom

Q8-3  [0/60]as

Average

e

delamination 15 plies from top

delamination 15 plies from
bottom

specimens with Isolated

delaminations

Q8-1  [0/+60]gs

broken fibers, first 0° layer

Q8-6  [0/+60]gs

broken fibers, first 0° layer

delamination after first 0° layer

Q6-5  [0/+45/90]gs

broken fibers, first 0° layer *

* This specimen also contains matrix tension cracks at the edges of the specimen in the

last 9 plies
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outermost 0° ply. The midplane delamination seems to have little or no effect on the predicted

failure strain.

5.3 Grouped Ply Stacking Sequences

Experimental results show a decrease in strength for undamaged specimens when the stacking
is changed from interspered, ([0/+60]3ss and [0/£45/90]2s5). 1O grouped ([05/605/-60s]7s and
[05/455/-455/905]s5). Both interspersed sequences have similar undamaged strengths, as
shown in Table 5.4. The [05/605/-60s]75 grouped stacking sequence has a slightly lower
undamaged strength (12%) while the [05/455/-455/90s]ss grouped stacking sequence has an

even lower undamaged strength (33%). These results are also shown in Figures 43 and 4.5.

An analysis comparing the grouped and interspersed cases was conducted using the same
finite element program as for the isolated long delamination case. The cross section and
boundary conditions are the same as the undamaged specimen from Figure 5.2. The
symmetric model has 200 elements along its 6 in. length, with one element per layer. Rather
than modelling all 200 to 210 layers, models with a reduced number of layers were employed.
For the [0/£60] family, 30 layers were modelled with stacking sequences of [0/£60]10s and
[05/605/-605]2s. A slightly larger mode! with 40 layers was used to study the [0/£45/90] family,

with stacking sequences of [0/+45/90}10s and [05/455/-455/905]25.

The first attempt to model the undamaged strength produced the same failure strain for all four
cases. Returning to the experimental observations, it was noted that 0° fibers begin breaking

off of the corners of the specimens at strains of about 13000 p. However, since these fibers fail
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Table 5.4 - Experimental resuits for comparison of grouped and interspersed

ply undamaged laminate strengths

Stacking Sequence

Failure Stress (psi

Failure Strain

Q35-9 [0/£60]355 93650

Q35-10 [0/£60]355 92222
" Q7-10 [05/605/-605]7s 82019
" Q25-9 [0/+45/90]255 100437 15042 %‘
H Q25-10 [0/+45/90]25 97711 15664

AS [0/+45/90]25¢ 100825 15771 "

Q5-10 [05/455/-455/905]s5¢ 64381 7545

Q5-11 [05/455/-455/90s]s 67918 9222

Note:

 Specimen Q35-11 is not included because its width is significantly less than the other

specimens, yielding a greater failure stress and strain.

* Specimen B7 is not included due to its high percentage of initial matrix cracks.
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due to bending in both the y and z directions, the two-dimensional analysis used here is unable
to predict this failure. Additionally, the effect of individual 0° fiber failure on the redistribution of
stresses and the progression of damage is also beyond the capabilities of this two-dimensional
analysis. That is, whether load is transferred to fibers next to the failure in the y-direction or the z-

direction cannot be determined.

An analysis was conducted with the properties of one 0° element at the edge of the grips
reduced according to equation (5.3) for the [05/605/-60s]2s and [05/455/-455/905]25 models.
For both cases, the next failure was located in the 0° element directly below the fiber failure at a

strain of 0.62%.

5.3.1 [05/605/-605]2s VS. [0/+60]10s Stacking Sequences

An assumption was made that the fiber failure which initiated at the specimen corners continued
through and across the outside 0° ply at a strain of 6200 i. A numerical analysis was conducted
using a model with the stiffness of the outside 0° layer reduced (C11, C12., C13, Css, and Cgg) at
the edge of the grips, to represent fiber breakage according to equation (5.3), for the
[0/£60]10s case. All five outside 0° layers were reduced in a second model for the
[05/60s5/-605]2s case. These models are shown in Figure 5.7. Results indicated that the next
failure for the interspersed [0/£60]10s Case occurred in the next 0° ply below the initial fiber
damage. However, for the grouped [0s/60s/-60s]2s Case, failure was located in the 60° ply
adjacent to the broken fiber 0° layers. The actual strains at which these failures occurred is
known to be inaccurate due to the two-dimensional representation of this three dimensional
problem, but the trend is significant. Failure of the 0° ply in the interspersed case occurred ata

strain of 8400 p, while failure of the 60° ply in the grouped case occurred at a strain of 7700 p.
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Figure 5.7 - Analysis results for [05/605/-605]2¢ and [0/+60]105 Specimens,
broken tibers outside 0° plies

134

Chapter 5: Numerical Analysis



This follows the experimental data which indicates a lower failure strain for the grouped ply
laminate. According to this analysis, the reduction is due to a loss of five outside 0° plies for the
grouped case versus one outside 0° ply for the interspersed case, all due to the fixture effects

at the edge of the grips.

5.3.2 [05/455/-455/905]25 vs. [0/+45/90]10s Stacking
Sequences

The same assumption that was made for the [0/+60] type cases was made here. That is, fiber
failure which initiated at the corners of the specimens was assumed to traverse through and
across the outside 0° plies at a stress of 6200 y. The model for the interspersed [0/£45/90]10s
case included one reduced element with reduced stiffness (C11,C12. Cya. Css, and Cgg) in
the outside 0° layer. The model for the grouped case included five reduced elements 10
represent fiber failure in the first five outside 0° layers. These models are shown in Figure 5.8.
Similar to the results for the [0/+60] family, the location of the next failure differed for the
grouped and interspersed cases. For the [0/£45/90]10s Case, failure proceeded to the 0° ply
below the outside, damaged 0° ply. This occurred at a strain of 9700 p. although again the
actual value is inaccurate due 1o the two-dimensional representation. For the grouped
[05/455/-455/905]25 case, failure occurred in the 45° layer directly adjacent to the broken 0°
fibers. This occurred at a much lower strain of 5100 p, indicating that as soon as the five outside
0° plies failed, so did the 45° ply immediately below. This again follows the trend of the
experimental data, which suggests a lower failure strain for the grouped ply case. Moreover, the
analysis also suggests a lower failure strain for the [05/455/-455/905]25 case than the

[05/605/-60s]25 Case, which is also noted in the experimental results.
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Figure 5.8 - Analysis results for [05/455/-455/905)2¢ and [0/£45/90]10¢

specimens, broken fibers outside 0° plies

Chapter 5: Numerical Analysis

136



5.3.3 Free Edge Effects

Herakovich [46, 47] studied the effects of grouped or clustered plies on the interlaminar shear

stresses near the free edge. Maximum shear and norma!l interlaminar stresses (Tyz, Tzx and G7)
were found to increase for greater ply thickness. These effects were studied using the finite
element program CLFE2D [41] with a unit value for £°. It was noted that the magnitudes of the
interlaminar shear stresses, as determined by finite element analysis, are a function of the
selected finite element grid. However, relative comparisons can be made between different
stacking sequences evaluated with the same grid. Looking specifically at the effects of
interlaminar stresses on compression strength, Vizzini and Mueller [48] noted experimentally
that compression strength was reduced for a [45n/-454/0n]s Stacking sequence as n was
increased. They suggested that this was due to the corresponding increase in interlaminar

stresses.

In order to study this phenomenon for the present case, a quarter plane symmetric finite
element model was constructed of the y-z Cross section, as shown in Figure 5.9. According to
Whitcomb and Raju [49], the distribution of interlaminar stresses for a thick laminate consisting
of stacked, repeating units is insensitive to total laminate thickness. Therefore, only one
repeating unit was modeled for the grouped ply laminate cases, (05/455/-455/905]s and
[05/605/60s]s. For the specimens used for comparison from the experimental work, the width
and thickness were approximately equal. Therefore, the width of these models is equal to the
thickness of 20 plies, or 0.1 in., corresponding to the thickness of the [05/455/-455/90s]s Case.
The mesh consisted of elements 0.0025 in. in the z-direction and 0.005 in. in the y direction.

This corresponded to two elements per layer.

Chapter 5: Numerical Analysis 137



loading - constant axial strain, x direction
element size: 0.005 by 0.0025 in.

Figure 5.9 - Model and boundary conditions for study of edge effects
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The deformed meshes for the [0/+45/90] family are shown in Figure 5.10, while the deformed

meshes for the [0/+60] type cases are shown in Figure 5.11. The interlaminar normal stress (O3)

should be positive for mesh expansion (+£z) and negative for mesh contraction (-€z). The

deformations near the free edge are significantly greater for the [0/+45/90] family than for the
[0/+60] cases, indicating a fikely difference in the interlaminar normal stresses. The interlaminar
stresses near the free edge, Tyz. Tzx and O, are shown in Figure 5.12 and 5.13. The curves
are somewhat irregular due to the coarseness of the grid. However, the maximum interlaminar
stresses have a greater magnitude of the [0/+45/90] stacking than for the [0/£60] stacking,
which corresponds to the deformed mesh predictions. This was explained by Herakovich [47]

as being due to the greater difference in coefficients of mutual influence (Nxy,x) for +45/-45

interfaces than for +60/-60 interfaces.

Hashin's [44] failure criterion for matrix tension failure (equation 5.4) was used due to the
criterion's dependence on the transformed interlaminar stresses 033, 131 ,and To3. Failure for
the [0/+45/90]ss case was predicted at 7250 u while failure for the [05/455/-455/90s]s case was
predicted at 6000 p. Recall that the actual magnitudes of the predicted failure strain are a
function of finite element grid size, and are therefore not suitable for direct comparison with
experiment. However, the 17% reduction in strength for the grouped case does follow the
experimental trend. Meanwhile, failure for the [0/£60] type cases was not predicted even for

strains greater than 11000 4, indicating that failure does not occur due to matrix tension.

in addition to the experimentally noted reduction in strength for grouped ply laminates, an
overall difference was noted in the failure modes of [0/+45/90] and [0/£60] type laminates. The
{0/+45/90] tamily failed instantaneously through the entire thickness of the specimens, while

the [0/+60] family failed in the outer plies first. The analysis results for free edge interlaminar
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Figure 5.10 - Analysis results for [05/455/-455/905]s and [0/+45/90]5 ¢

specimens, deformations at free edge

Chapter 5: Numerical Analysis 140



[05/605/-605]s

00

60°

-60°

(displacements scaled by factor of 75)

(0/+60]

00

—@o

-60°

00

60°

&0

oo

60°

-60°

-60°

(displacements scaled by tactor of 75)

Figure 5.11 - Analysis results for [05/605/-605]g and [0/+60]ss Specimens,
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stresses suggest that this trend may be due to the significant interlaminar edge stresses in the

(07+45/90] type specimens.
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Chapter 6
Summary and Conclusions

The main objective of this research was to determine the effect of initial damage on
compression strength and failure modes of beam-like specimens with various stacking
sequences. The study included eight different stacking sequences, [0/£45/90]6s.
[0/+45/90]1ss, [0/£45/90]25s, [05/455/-455/905]ss, [0/+60]8s, [0/+60]20s. [0/+60]35s, and
[05/605/-605]7s. The stacking sequences resulted in four thicknesses, ranging from 0.24 to
1.1 inches. Initial damage was induced during a previous study [1] conducted to evaluate the
effects of various geometric and lamination parameters on the damage initiation and
progression in three-point bend specimens. The stacking sequence, thickness, and three-
point bend span was varied by Starbuck et al. [1] during the previous study. During the present
study, more detailed damage descriptions were obtained beyond the examination and
identification conducted by Starbuck. A thorough examination of the specimens using edge
replicas and x-rays yielded four different initial damage modes, which were categorized as
multiple through-thickness delaminations, isolated delaminations, damage near the surface,

and matrix cracks in grouped ply taminates. A compression testing fixture was selected to
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account for varying specimen thickness at a constant length and width, and quasi-static
compression testing was conducted. Experimental compression results were compared
according to the initial damage modes. A finite element analysis was conducted to further
understand the experimental findings that were not addressed by previous analytical work in the

literature.

6.1 Summary of Results Based On Initial
Damage States

6.1.1 Compression of Undamaged Specimens

(1)  The compression strength of undamaged specimens is the same for both [0/160],s and
[0/+45/90]s stacking sequences. This can be attributed to the fact that both sequences
have 0° plies on the outer surface, which causes failure to initiate at fiber breakage at the

edges of the compression fixture grips.

(2) Specimens with [0/£45/90],s and [0s/+455/-455/905]5s stacking sequences exhibit
compression failure modes with failure extending through the thickness of the specimen.
Meanwhile, specimens with [0/+60]ns (n220) and [05/605/-605)7s stacking sequences
have compression failure modes which include only the outside plies where failure first
intiates. This is most likely due to the presences of high interlaminar stresses near the
edges in the [0/+45/90] type specimens, which are insignificant in the [0/+60] type

specimens.
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6.1.2 Multiple Through-Thickness Delaminations

(3) The compression strength of specimens with one delamination per ply set was from 50%
to 75% below the compression strength of similar undamaged specimens. For
delaminations of equal length (approximately 0.2 inches) and density (one delamination
per ply set), the reduction in compression strength was approximately the same for
specimens with [0/£45/90]6s, [0/£45/90]15s., and [0/£45/90]255s stacking sequences.
This implies that the thickness of the sublaminates, and not the thickness of the
specimens, determines the value of the compression strength for multiple through-

thickness delaminations of similar length.

(4) The compression failure mode changed according to the length of the delaminations. For
delaminations of length 0.4 in. or less, failure was antisymmetric, as descried by Lee et al.
(40]. This failure mode was experimentally noted by Williams and Rhodes [22] and termed
a transverse shear mode failure. Longer delaminations, between 0.4 and 0.6 in. in
length, failed ina symmetric mode. This was also described in the analysis by Lee et al.

[40].

6.1.3 lsolated Long Delaminations

(5) A damage state consisting only of delaminations was not actually achieved from three-
point bend testing. Instead, a damage state which consisted of both delaminations and
fiber damage from the three-point bend load nose was achieved. For delaminations far

from the surface, the combination of isolated delamination and localized fiber breaks
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(6)

)

resulted in experimental compression strengths that were approximately 20% below the
undamaged compression strengths. This loss was apparent for all specimens with 1 or 2

delaminations located far from the top or bottom surfaces of the specimen.

Two-dimensional, generalized plane strain finite element analysis indicated that the
majority of the loss in compression strength could be attributed to the broken 0° fibers in
the first layer where the load nose of the three-point bend fixture contacted the

specimen.

The two-dimensional finite element analysis also verified the result noted by Pavier and
Chester [29]. That is, the unsymmetric sublaminates that are generated due to the
delamination of symmetric laminates did not experience significant deflection. The
bend/stretch coupling effects of the unsymmetric laminate were prevented from causing

deflection due to the clamped boundary condition of the specimen.

6.1.4 Damage Near the Surface

(8)

The failure mode for thick specimens (thickness 2 1.0 in.) was sublaminate buckling, as
noted in [19,20,22,23,24,27,28,29). Analysis to verify this can by found in [{21,30-39).
Although the failure of thin specimens (thickness < 1.0 in.) may have initiated as
sublaminate buckling, specimens failed through their entire thickness before the testing

couid be stopped.
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6.1.5 Grouped Stacking Sequences

(9) The failure strength of undamaged [05/605/-60s]7s Specimens was approximately 12%
below the strength of the interspersed specimens with the same thickness. This could
not be atiributed to increased interlaminar stresses at the free edges since these stresses
were insignificant. The loss is attributed to the presence of five 0° plies at each surface of
the specimen. When failure initiates due to the fixture grip, failure of the outside 0° plies
occurs. The finite element analysis indicated that the loss of these five 0° plies versus
only one 0° ply for the interspersed case causes the failure strength to be lower for the

grouped ply case.

(10) The compression failure modes appear 1o be the same for all the [05/+455/-455/905]5s
specimens, regardless of the initial damage. This is believed to be due to the presence of
increased interlaminar stresses near the free edges of the specimen. The undamaged
failure strength is approximately 33% below the strength of the interspersed specimens
with the same thickness. This difference is believed to be due to both the interlaminar

stresses and the concentration of 0° plies at the outside surtaces.

6.2 Concluding Remarks

The damage mode that caused the greatest loss in compression strength was multiple through-

thickness delaminations, with a strength loss of 50-75%. This suggests, as noted previously in
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[23], that damage area is not a reliable method of predicting compression strength. The isolated
delaminations were longer, and thus covered a greater area as viewed from the top by x-ray, but
the strength loss was only about 20%. And, in fact, even this loss cannot be conclusively
attributed to the presence of delamination. The damage that occurred in the outside 0° plies
was found to cause strength loss due 1o damage from three-point bend testing or due to stress
concentrations at the edges of the grips. The compression strength loss of the [05/605/-
60s]7s specimens may be due entirely to the presence of 0° plies at the outside surfaces. A
combination of 0°, 60°, and -60° plies that did not include 0° plies at the outside may not have

shown this strength loss.

The strength loss for specimens with less through-the-thickness damage than the multiple
through-thickness type specimens showed compression strengths that varied according to the
amount of initial damage. As the damage involved more and more Ply sets near the surface, the
strength continued to decrease until the case of delaminations in every ply set was reached and
the 50-75% strength loss was attained. Analysis in the literature has been concentrating on the
idea of sublaminate buckling for specimens with multiple delaminations, however these
experimental results suggest the need for further work which does not assume separate

sublaminate buckling.

The initial damage mode most like impact damage, as reported in Refs. [19,22,23], was muttiple
through-thickness delaminations. Compression failure of these laminates is best explained by
Lee et al. [40), suggesting the need for further work in combining multiple delamination

buckling analyses with experimental results as a way of understanding compression after

impact.
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